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ABSTRACT   
 
Improved small-crack stress intensity factors are important for accurate fatigue crack growth 
prediction. This report presents accurate small-crack stress intensity factor distributions for the 
American Society for Testing Materials middle tension test specimen, derived in three dimensions 
utilising the advanced finite element method code StressCheck for a parametric study of a range 
of small crack sizes and shapes. This information was not readily available in reference books. 
The results have been presented in tabulated normalised form for future reference and clearly 
show the influence of the specimen notch on the variation of stress intensity factors. 
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Middle Tension Test Specimen by Finite Element 
Method  

 
Executive Summary    

 
DSTO has expended significant effort to improve the cost effectiveness of air platforms 
subjected to the unique Australian operational conditions. This work often places DSTO at 
the forefront of full-scale fatigue testing. In support of these efforts, DSTO conducts 
research into the more fundamental aspects of metal fatigue and crack growth while 
seeking to improve understanding, techniques and predictions. A prime outcome of this 
research is to improve the understanding of fatigue and thereby potentially reduce the 
total life costs for military air platforms. Most current crack growth models rely on an 
assessment of geometry correction or stress intensity factors to provide transferability 
between different cracking configurations. It is therefore important to ensure that 
calculations of these parameters are sufficiently accurate to produce reliable crack growth 
modelling.  
 
Geometry correction factors relate the stress intensity factor for a crack in any arbitrary 
geometry to that of a crack in an infinite plate, and these are easily produced from finite 
element analysis. Therefore, this report documents the generation of stress intensity 
factors for small cracks in the American Society of Testing Materials Middle Tension test 
specimen, utilising advanced three dimensional p-element finite element method. The 
American Society of Testing Materials Middle Tension test specimen was chosen as it is an 
internationally recognised test with a large amount of available test data and it often 
shows the short crack phenomenon. Several cases are considered; including corner cracks, 
near corner (surface) cracks, and centrally located (surface) cracks. These cases apply to a 
geometric problem that is not in the open literature and will therefore increase the pool of 
scientific knowledge. The more complex case of irregular initiation sites will not be 
covered by this report. The reported work developed a large set of valuable results for 
short cracks within the American Society of Testing Materials Middle Tension test 
specimen. The results are presented in the usable form of tabulated values of stress 
intensity factors. 
 
The results show that the stress intensity factors, and therefore the geometry correction 
factors, may characterise the behaviour of the early portion of crack growth for the 
specimen. However, the method of measurement of that early portion of crack life is likely 
to have significant influence on the experimental data for this region. Before a conclusive 
recommendation could be made, it is felt necessary that the experimental techniques 
behind the source data be investigated.  
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1. Introduction 

DSTO has often been at the forefront of full-scale airframe fatigue testing in an effort to 
improve the cost effectiveness of platforms subjected to the unique Australian operational 
conditions [1]. In support of these efforts, DSTO conducts research into the more fundamental 
aspects of fatigue and crack growth while seeking to improve understanding, techniques and 
predictions. A prime outcome of this work is to improve the understanding of fatigue and 
thereby potentially reduce the total life costs for military air platforms. 
 
In light of this, DSTO has been seeking to develop improved crack growth models that apply 
to typical air platform load spectra and material regimes. One such example is Molent et al. 
[2]. In this example, the centre portion of crack growth data—that displays exponential crack 
growth behaviour— is utilised and the Paris crack growth law [3] is manipulated to improve 
the prediction. This centre portion is marked as Zone 2 in Figure 1. The technique is fairly 
robust at making predictions when the behaviour fits a exponential growth pattern. However, 
it fails to reasonably predict the crack growth in the other zones of measured data; namely 
Zones 1 and 3 from Figure 1. Failing to accurately predict the early life can have a significant 
impact on the accuracy of the failure time. 
 
With the work of Molent et al. [2], it was shown that the crack growth behaviour was 
exponential only during periods where the geometry correction factor was constant. 
Geometry correction factor is related to the stress intensity factor, as described in Section 2. 
Assuming that a change in the geometry correction factor changes the exponential 
relationship, Molent supposed that such a variation may be responsible for the transition 
region of Zone 1. Zone 3 is known to be the zone were tearing starts to occur just prior to 
specimen failure and, as such, is not expected to behave in the same stable manner as Zone 2 
and was thus ignored in this report. However, the interpretation of the Zone 1 behaviour is 
more subjective; it could be due to the method of crack length measurement, changes in 
geometry correction factor or another small crack phenomenon. These changes in geometry 
correction factor could be due to the relative shape of the crack to the local geometry, or for 
the time from the initiation at an irregular defect to the time when the crack becomes self-
similar, or when it develops its long term stable shape. Hence, it was felt necessary to 
understand the variations of geometry correction factor for small cracks. 
 
The example cited above, Figure 1, is from a standard ASTM Middle Tension test specimen [4] 
under constant amplitude loading. Geometry correction factors for centreline asymmetric 
small cracks in the ASTM Middle Tension test specimen [4] layout were not available in the 
literature. Specifically, single-sided semicircular and elliptical crack information was not 
available for the ASTM Middle Tension test specimen [4]. The only data found related to 
centreline symmetric through cracks [5], which highlighted the need for information on non-
through cracks for this specimen type. As there are no handbook solutions to determine the 
geometry correction factors for small cracks in this specimen it was therefore necessary to use 
another technique, such as finite element methods. 
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Figure 1: ATSM standard middle tension test specimen crack growth rate data example. The test data 

is generated using an ASTM standard middle tension test specimen, with a width: of 
101.6 mm (4 inches) and thickness of 1.5975 mm (0.0625 inches). The trend line through 
the Zone 2 data highlights the exponential behaviour of this data. 

 
Investigation into the behaviour of small cracks is becoming increasingly common as 
researchers try to understand the contributing factors to the variation of crack behaviour at 
this small scale. Therefore, this work would have the secondary benefit of adding to 
information available for small crack geometry correction factors. This is a valuable 
contribution to the available body of scientific knowledge. 
 
This report utilises advanced finite element method to assess whether there are changes in 
geometry correction factor for small cracks in the ASTM Middle Tension test specimen [4]. 
The finite element method will employ advanced high order polynomial elements, commonly 
referred to as p-elements, to aid in expedient and robust solutions. Several cases will be 
considered; including corner initiated cracks, near corner initiated cracks, and centrally 
initiated cracks, as shown in Figure 2. The more complex case of irregular initiation sites—
Figure 2 (d)—will not be covered by this report. The report derives stress intensity factors, 
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which are readily convertible to geometry correction factors, as shown in Section 2, for specific 
local stress cases. 

 
Figure 2. Possible crack initiation sites 

 
 

2. Numerical Approach 

2.1 Geometry Correction Factors  

2.1.1 Explanation 

It is worth understanding the origin, meaning and use of geometry correction factors, 
otherwise known as  factors, before putting them into practice. ‘ factor’ is a term that relates 
the stress intensity factor for a crack in any arbitrary geometry to that of a crack in an infinite 
plate.  
 
For example, Broek [6] outlines and defines  factors in his book on the practical use of 
fracture mechanics. In this book linear elastic fracture mechanics (LEFM) is discussed and the 
stress intensity factor (K) is derived after performing a J-integral (also known as the Contour 
Integral Method) within the stress field around the crack-tip in an infinite plate. By taking 
only the most significant term in the series expansion Broek [6] obtains: 
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aK            (1) 
 
Where ‘K’ is the stress intensity factor, ‘‘ is the far field stress and ‘a’ is the crack length.  
 
This provides the reference case of the stress intensity factor for an infinite plate. However 
infinite plates do not exist in reality so this is then modified to account for a finite plate width 
and the formula is adjusted to: 
 

a
L

a

W

a
K 













 

sec         (2) 

Where ‘W’ is plate width , ‘L’ is plate length and ‘K’, ‘‘ and ‘a’ are defined previously.  
 
This simplifies through the introduction of  to: 
 

a
L

a
K  






          (3) 

 
Where: 
 








W

a sec           (4) 

 
for a centre crack in a plate of finite width. Therefore, the  factor of equation 4 provides the 
correction from a finite plate to an infinite plate. Note that different stress intensity factors are 
defined for different types of loading associated with the crack extension methods, see 
Figure 3. The example cited here applies to the stress intensity factor under Mode I loading.  
 
 

 
Figure 3. Crack extension modes 

 
 factors can be derived for all crack geometry problems—relating them to a crack in an 
infinite plate. 
 

 
UNCLASSIFIED 

6 



UNCLASSIFIED 
DSTO-TR-2628 

 

2.1.2 Developing  factors for complex geometry 

There is a large amount of literature—including Rooke et al. [7], Sih [8], Tada et al. [9] and 
Murakami et al. [5]—that provide  factors for predetermined geometries. These solutions 
have been derived through a variety of methods and can often be used to develop bounding 
cases or acceptable engineering solutions. However, occasionally these do not match the real-
world geometric layout and relative loading. As such, an approximate method of combining 
these is required to provide acceptable engineering estimations. The two techniques employed 
are superposition and compounding. To understand if these are applicable to this problem it 
is important to first understand how they work. 
 
2.1.2.1 Superposition 
Superposition is the technique used to adjust the  factor for variations in the mode of loading 
[6]. For example, if a specimen was simultaneously subjected to Mode 1 bending and tension, 
the total stress intensity would be the summation of the stress intensities for each case. The 
case in this paper is loaded in simple uni-axial tension, so the superposition technique will not 
be needed. 
 
2.1.2.2 Compounding 
Compounding refers to the combination of various geometric effects. The idea being to 
combine simple geometric cases—such as for finite boundaries and stress concentrations—to 
give an accurate total  factor. For example, a semi-circular crack in a finite plate could be 
represented by compounding the  factors for the finite width, the back free surface and front 
free surface—resulting in a correctly bound mathematical representation. 
 
One of the challenges in establishing compounded solutions is to determine how to divide the 
problem into appropriate boundary effects. In short, the sub-structured elements must 
continue to behave in the same way as the parent for the division to be valid. For example, a 
finite plate could be divided into half, length ways, because there will be no stresses acting 
across the split. However, a plate with a crack in the middle will not behave in a similar 
manner if split in half, length ways, because stresses will cross the boundary at the crack. The 
centre crack is likely to open more when it becomes an edge crack in the segregated sections. 
Therefore, this division is not valid as the sub-structured elements would not behave like the 
parent. [6] 
 
The model under consideration here is not symmetrical and as such compounding is not 
applicable. This leads to the conclusion that stress intensity factors cannot be derived from 
text book solutions. As such, there is a requirement to undertake numerical modelling to 
develop the  factors.  
 
2.2 Numerical Modelling 

For more complicated geometry it is often more appropriate to develop  factors with 
numerical methods. This allows for estimations to be made for geometries that are not easily 
broken out into the predetermined geometries listed in text books. It can also speed up the 
processing of multiple cases to find the influence of configuration variations on the solution. 
This study is interested in variations of crack geometry, including non-symmetrical cases, and 
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has therefore opted to use a numerical method, specifically the commercially available code 
called StressCheck by Engineering Software Research and Development, Inc. (ESRD). Not all 
modelling tools extract geometry factors in the same manner and some use approximations 
that impact on the robustness of the solution within certain regions. It is therefore useful to 
assess the specific methodology employed by StressCheck to understand any possible 
limitations. 
 
StressCheck is an advanced ‘p-version’ computational analysis program for the determination 
of stresses [10]. All finite element methods provide approximate solutions for the 
determination of stress and most finite element codes are based on ‘h-version’ solutions, 
which limit the ability of the user to readily-assess the convergence of the solution. However, 
‘p-version’ solutions provide for multiple approximations of higher orders to forecast the 
convergence of a solution and measure the robustness through error estimation. Of course, 
this error estimation only considers the accuracy of the finite element solution, not of the 
idealisations employed in constructing the model. 
 
2.2.1 Theory of geometry factor determination in StressCheck 

StressCheck includes tools to indirectly calculate the geometry factor, through determination 
of Mode 1 (K1) and Mode 2 (K2) stress intensity factors [11]. K1 and K2 are computed using an 
extraction via the contour integral method. This is done by taking a section normal to a 
tangent at the crack edge and extracting stress and displacement information along a circular 
path contained in the cutting plane, centred on the crack tip, shown in Figure 4. This is 
essentially a 2-D approximated solution for a slice in a 3-D body. Multiple slices can be taken 
to map the stress intensity factor around the crack front. One limitation of this simplification is 
that only K1 and K2 can be determined, with K3 working out of the plane of the slice, as per 
Figure 3. For most cases, and specifically in this case, this approximation will not significantly 
inhibit the veracity of the solution. However, when through thickness stresses develop, such 
as near a free surface the method needs to be corrected—these corrections will be described 
later.  
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Figure 4. A semi-circular crack in 3-D, shown from within the body, with the 2-D extractions taken in 

sections normal to the tangent of the crack front 

 

 
Figure 5.This representation of the 2-D slice provides definition of terms employed in the J-Integral and 

Contour Integral Method at the crack tip 

 
2.2.1.1 StressCheck method for determining K1 and K2. 
As per the Master Guide [11], StressCheck uses the contour integral method to determine K1 
and K2. The calculation is based on the 2-D case which applies to either plane-stress or plane-
strain. In both cases the stress intensity factors of the 2-D slice are simplified to the first terms 
of the asymptotic expansion of the solution near the crack tip: 
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   1
11 2 AK           (5) 

 
and 
 

   2
12 2 AK           (6) 

 
Where the asymptotic expansion is: 
 

   


 dsTuTWA mW
FEFEm

m
1        (7) 

This is the basis of a mathematical approach often referred to as an interaction method. In an 
interaction method an assumed solution is compared and operated against the actual solution 
to determine the missing relationship, in this case K1 and K2. So stresses around the J-Integral, 
Figure 5, are compared with theoretical values to determine the relative quantities of K1 and 
K2.  
 
Within equation 7, TFE is the traction vector along  due to the finite element solution, such 
that along : 
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which leaves the extraction function and the associated traction vector to be defined. Firstly, 
the extraction function: 
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where: 
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With  for plane-strain as: 
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With  for plane-stress as: 
 

 







1

3
          (14) 

 
With the comparative displacement fields: 
 

   







































 






















 



2

3
sin

2

1

2
sin

2

1
2

3
cos

2

1

2
cos

2

1

1




     (15) 

 

   







































 






















 



2

3
cos

2

1

2
cos

2

3
2

3
sin

2

1

2
sin

2

3

2




     (16) 

 
Returning to the traction vector due to the extraction function: 
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where G is the modulus of rigidity and 
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Once the values of K1 and K2 have been determined, the geometry factor, , is found simply 
with this relationship for each mode: 
 

a

K total


 _1

1           (20) 
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a

K total


 _2

2           (21) 

 
2.2.1.2 Extending the solution of K1 and K1I for a 3-D stress field. 
To account for a 3-D stress field, StressCheck determines the ratio of out of plane stress to the 
in-plane stress at the zero degree point on the radius of integration: 
 

yx

z







          (22) 

 
If 1.0  then  is selected as for the plain strain condition:  

  431         `  (23) 
 
Otherwise, if 1.0  then  is adjusted proportionally using:  

   
2

11
121 11
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     (24) 

Where: 
1.01            (25) 

 
Figure 6 shows the typical zones of  within a cracked body. This provides an understanding 
of how the solution 2-D case is extended to account for a 3-D stress field, as would be seen on 
most 3-D cracks. 
 

 
UNCLASSIFIED 

12 



UNCLASSIFIED 
DSTO-TR-2628 

 

 

Figure 6. Graphical presentation showing the typical zones of  within the cracked body 

 
 

3. Model Development 

This activity is seeking to extract stress intensity factors from very small cracks—ranging from 
0.08 mm to 1 mm—in a standard ASTM test specimen and assess the change in the stress 
intensity factors with various crack parameters. Several models were developed in this study, 
starting with a global model to establish a representative local stress and displacement field 
and then sub-structured models to improve efficiency without impacting on the resulting 
accuracy.  
 
3.1 Geometry Definition  

The data set shown in Figure 1 was gathered from a standard ASTM middle tension (MT) test 
specimen [4]. As such, the model considered within this report will also be based on this type 
of specimen. Figure 7 and Table 1 provide the details of the specific specimen dimensions that 
are under consideration. These dimensions differ from those of the specimen that generated 
the data in Figure 1. However, as this report sets out to produce comparative assessments it 
does not impact on the results of the study. 
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     a.   Specimen dimensions 

 y 
 

Figure 7. ASTM standard middle-tension specimen for fatigue crack growth rate testing 

 
The ASTM MT specimen has a notch at the centre and is either loaded through grips or with 
pins a set distance back from the notch, as in this case. The symmetrical nature of this 
specimen allows for the model to be simplified, and so initially a global model will be 
developed, with symmetry about the notch. The global model will be used to determine the 
most appropriate geometric simplification and displacements for a sub-structured model. 
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Table 1. Dimensions of middle-tension specimen used in this analysis. 

Dimension Value 
W 100 mm 
h 1 mm 
an 9.13 mm 
ao 10 mm 
thickness 12.5 mm 

 
3.2 Modelling Overview 

When constructing the models, many of the global parameters were kept consistent. All 
models were constructed with the axis of loading parallel to the Y axis. The crack and plane of 
symmetry lay in the XZ plane. The model was always built as “linear elastic” in StressCheck 
under the “other units” option, with all dimensions entered as SI units. The material selected 
was aluminium alloy 7075-T6 from the standard StressCheck material library, again using SI 
units.  
 
Each model was set up with a symmetry plane through the plane of the crack—in other words 
the centre of the specimen was along the Y axis. This was done using the StressCheck 
“symmetry” boundary condition, which is a simple way of preventing movement across this 
plane (in the Y axis), whilst still allowing movement in the X and Z axis. There was also three 
point restraints applied to prevent free body movement. 
 
Stress check uses “p-element” solutions, rather than the more common “h-element” solutions. 
This allows for higher order elements and solutions to be calculated without the need for high 
levels of mesh refinement. All models were tested with low order “p-elements” and final 
extracts were nominally made from solutions with a “p-element” order of 5. In some cases 5th 
order elements were not used, but each case will be identified separately, for example in 
Figure 8. 
 
A substructured model was required to reduce the computational run time and was 
developed by analysing the model of a half coupon. This first model of the half coupon is 
referred to as the global model, see Figure 8. The half coupon model was originally analysed 
with symmetry about the crack surface and constructed to extract displacements at one third 
of the halved model length from the crack surface. Following this a sub-structured model was 
built that consisted only of the inner sixth of the coupon (one third of the halved model) run 
with a plane of symmetry, in-plane with the crack, see Figure 9. 
 
Unfortunately, there were instabilities and limitations with the chosen code, StressCheck, 
which required models to be redeveloped when new code versions became available. Models 
were developed for StressCheck versions 7.0.6, 7.1.0 and 7.1.1 before eventually being 
completed in version 8.0. In short, issues were generally centred on the stability of some 
methods of geometry construction and meshing. This seemed to be particularly evident for 
the large range of element sizes required in these models. Refer to Appendix C for more 
detailed discussions of some of these issues. These issues may not always be apparent in the 
result produced, and this highlights the importance of robust verification and validation of 
results—as was conducted for this activity. 
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Figure 8. Initial symmetry model of middle-tension specimen. This plot shows the uncracked global 

model subjected to a bearing load (1 kN) at the pin joint. It depicts strain (Ey) generated 
from a 6th order polynomial solution by StressCheck version 8.0. Of interest is the 
consistent displacement at the one third height (near parallel dashed and solid line). 

 
3.3 Global Model 

The first step in this process was to develop an uncracked global model and determine a stress 
field distribution. This generated displacement data for sub-structuring. 
 
This initial model used symmetry about the notch and only modelled one half of the coupon, 
Figure 8. It used a bearing traction load at the pin hole with symmetry and fixed constraints to 
generate the displacement and stress distributions. This showed that dividing the half model 
into thirds would provide a substantially reduced model size with a relatively simple fixed 
displacement constraint at the new edge. 
 
For the purposes of this study, a simple traction load was selected such that it ensured the 
model remained within the elastic range, except at the points approaching singularity near the 
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notch tip. A load of 1 kN in the Y axis was selected. StressCheck is able to distribute this load 
around the surface of the loading hole in a sinusoid manner, representing the load transferred 
from a pin. 
 
Details of the construction of this global model are contained in Appendix A. They are 
presented in a step by step account to enable creation in StressCheck. 
 

 
Figure 9. Sub-structured symmetry model of middle-tension specimen. This plot shows the uncracked 

sub-structured model subjected to the derived fixed displacement along the loaded edge. It 
depicts strain (Ey) generated from a 6th order polynomial solution by StressCheck 
version 8.0. 

 
3.4 Sub-structured Model 

Once the size of the sub-structured model was determined, a parametric model was 
developed that allowed for changes to the crack size and location. The model permitted 
StressCheck to undertake an automated parametric study and provide results more quickly. 
Details of the construction of this sub-structured model are contained in Appendix B. They are 
presented in a step by step account to enable creation in StressCheck. 
 
At this point it is important to note that for the discussions herein ‘notch size’ is the size of 
initial notch and ‘crack size’ refers to the size of the defect growing from the original notch. 
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As can be seen by a comparison of Figure 8 and Figure 9, there is consistent lobes with 
comparable magnitudes for the displacements. The coarseness of the global model does lead 
to minor irregularities, part of the reason for substructuring, but on the whole the match is 
good. Therefore the sub-structuring applied is considered valid and representative. 
 
3.5 Validation Test Case 

To validate the modelling assumptions, a simple test case was carried out that compares a 
simple handbook solution with a simplified crack in a finite plate, modelled with assumptions 
consistent to those used in the main models. 
 
3.5.1 Handbook baseline  

Geometry correction factors have been investigated quite extensively and existing solutions 
can be found in many texts, such as those by Rooke et al. [7], Sih [8], Tada et al. [9] and 
Murakami et al. [5]. The following derivations will be based on Murakami et al. [5]. 
 
This work considers a middle tension specimen [4] with compliant dimensions and geometry 
as shown in Figure 7 and Table 1. So to determine the  factor for this specimen a centre notch 
in a plate with finite width and thickness is considered. Therefore adapting Murakami [5] for 
this case gives: 

  







2
sec06.025.01 42       (26) 

Where: 

W

ao2
           (27) 

 = 0.2 
 
Therefore, a comparison  factor is:  
 
 = 1.024 
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Table 2. Data for K1 extracted from a simple StressCheck model of a crack in the centre of the specimen 
also showing the calculated  by extraction point and averaged  for the full crack front, 
plane strain and plane stress regions 

Extraction 
Number 

Normalised 
Location 

K1 extraction  
(MPa √m) 

0 0 4.5 0.957 
1 0.027 4.468 0.950 
2 0.054 4.619 0.982 
3 0.081 4.798 1.020 
4 0.108 4.854 1.032 
5 0.135 4.869 1.036 
6 0.162 4.875 1.037 
7 0.189 4.878 1.037 
8 0.216 4.882 1.038 
9 0.243 4.877 1.037 
10 0.270 4.877 1.037 
11 0.297 4.874 1.037 
12 0.324 4.872 1.036 
13 0.351 4.87 1.036 
14 0.378 4.867 1.035 
15 0.405 4.864 1.034 
16 0.432 4.863 1.034 
17 0.459 4.869 1.036 
18 0.486 4.861 1.034 
19 0.514 4.865 1.035 
20 0.541 4.865 1.035 
21 0.568 4.865 1.035 
22 0.595 4.866 1.035 
23 0.622 4.868 1.035 
24 0.649 4.866 1.035 
25 0.676 4.872 1.036 
26 0.703 4.878 1.037 
27 0.730 4.871 1.036 
28 0.757 4.879 1.038 
29 0.784 4.878 1.037 
30 0.811 4.879 1.038 
31 0.838 4.876 1.037 
32 0.865 4.87 1.036 
33 0.892 4.858 1.033 
34 0.919 4.794 1.020 
35 0.946 4.612 0.981 
36 0.973 4.473 0.951 
37 1 4.503 0.958 

    
Average of total set: 1.024 
Average of plane strain set: 1.036 
Average of plane stress set: 0.963 
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3.5.2 Simplified numerical model of a crack in a finite plate 

By running a model with a simple crack in a centre of the specimen the values of K1 can be 
extracted and  determined from: 

a

Ktotal


            (28) 

For this calculation Ktotal is the K1 extracted from StressCheck and the  is the far-field stress of 
the uncracked specimen, determined from the applied displacement. 
 

MPa839.0          (29) 
 
Figure 10 shows a StressCheck plot of deformed strain in the y direction for a simple crack in 
the centre of the sub-structured specimen. The plot is consistent with previous plots, 
indicating a consistent modelled behaviour for this test case. Table 2 presents the extracted 
data and calculated  factors. When comparing the results of Table 2 with the comparison  
factor ( = 1.024) it shows a near perfect correlation for this simple case of an idealised 
through crack in a finite plate. This provides confidence in the modelling approach and the 
derived results. 
 
 

 
Figure 10. A sub-structured model containing a through thickness centre crack subjected to fixed 

displacement (7.8e-4 mm) along the loaded edge. It depicts strain (Ey) generated from a 5th 
order polynomial solution by StressCheck version 8.0. 
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Figure 11. Generalised data extraction locations about a crack front. The crack is shown in the solid red 

semi-circle with the extractions depicted as the dashed semi-circles. The blue arrow and 
numbers highlights the ascending direction of the extractions. The extractions only appear 
as semi-circles due to the symmetry condition of the model. 

 
3.6 Data Extraction and Manipulation 

3.6.1 Extractions 

Extractions to produce K1 were conducted around the crack front. They were numbered from 
where the crack meets the free edge as shown in Figure 11. K1 was computed using these 
extractions via the contour integral method, as described in Section 2.2.1. The extraction 
number listed in all tabulated results refers to these extraction locations. The normalised 
location is also presented for all tabulated data, which is the location number normalised by 
the total number of locations. This is equivalent to the normalised arc length or angle because 
the extractions are equally spaced. 
 
3.6.2 Edge effects 

During model development, issues were identified with extraction of K1 values. It was shown 
that in areas with tight curvature or in the transition to near surface—from plane strain to 
plane stress—the modelling accuracy decreases. As a result, a data set was not extracted closer 
than 5 degrees from a free surface. However in some instances, from viewing the plots of the 
K1 about the crack front, it was apparent that the results were erroneous. In these cases, the 
data set was marked and manually filled—where possible from the symmetric result (see 
more in Paragraph 3.6.3 below)—or ignored.  
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Table 3. Example of K1 data extracted from a symmetrical semi-circular crack in the centre of the 
thickness of the specimen around the crack boundary. The semi-circular crack has a radius 
of 0.08 mm. 

K1  (MPa √m) Extraction 
Number 

Normalised 
Location Normal Mirrored Averaged 

Variation 
(%) 

0 0.000 4.962 4.468 4.715 9.9% 
1 0.027 4.342 3.985 4.164 8.2% 
2 0.054 3.736 3.557 3.646 4.8% 
3 0.081 3.326 3.289 3.308 1.1% 
4 0.108 3.000 3.077 3.038 -2.6% 
5 0.135 2.723 2.891 2.807 -6.2% 
6 0.162 2.490 2.726 2.608 -9.5% 
7 0.189 2.303 2.588 2.445 -12.4% 
8 0.216 2.154 2.473 2.313 -14.8% 
9 0.243 2.043 2.381 2.212 -16.6% 
10 0.270 1.969 2.312 2.140 -17.4% 
11 0.297 1.941 2.253 2.097 -16.1% 
12 0.324 1.942 2.212 2.077 -13.9% 
13 0.351 1.953 2.177 2.065 -11.5% 
14 0.378 1.959 2.141 2.050 -9.3% 
15 0.405 1.957 2.097 2.027 -7.2% 
16 0.432 1.955 2.052 2.003 -4.9% 
17 0.459 1.956 2.012 1.984 -2.9% 
18 0.486 1.978 1.980 1.979 -0.1% 
19 0.514 1.980 1.978 1.979 0.1% 
20 0.541 2.012 1.956 1.984 2.8% 
21 0.568 2.052 1.955 2.003 4.7% 
22 0.595 2.097 1.957 2.027 6.7% 
23 0.622 2.141 1.959 2.050 8.5% 
24 0.649 2.177 1.953 2.065 10.3% 
25 0.676 2.212 1.942 2.077 12.2% 
26 0.703 2.253 1.941 2.097 13.9% 
27 0.730 2.312 1.969 2.140 14.8% 
28 0.757 2.381 2.043 2.212 14.2% 
29 0.784 2.473 2.154 2.313 12.9% 
30 0.811 2.588 2.303 2.445 11.0% 
31 0.838 2.726 2.490 2.608 8.7% 
32 0.865 2.891 2.723 2.807 5.8% 
33 0.892 3.077 3.000 3.038 2.5% 
34 0.919 3.289 3.326 3.308 -1.1% 
35 0.946 3.557 3.736 3.646 -5.0% 
36 0.973 3.985 4.342 4.164 -9.0% 
37 1.000 4.468 4.962 4.715 -11.0% 

 
3.6.3 Mesh symmetry 

During model development it was identified that extraction of K1 values was being influenced 
by mesh geometry. This conclusion was reached because extractions from symmetric cases 
were not returning symmetric values. Investigation showed that the only factor creating a 
non-symmetric influence in these models was mesh, generated from the automesher. To 
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reduce this mesh effect the cases were created of mirrored geometric pairs, the extracted 
results were then averaged to provide the final K1 values. For example, consider the data of 
Table 3 graphically presented in Figure 12. This is for a small semicircular crack, 0.08 mm in 
radius, growing on the centreline of the thickness of the coupon from the notch. This is a 
symmetrical case and would be expected to return symmetrical data; however there is a 
variation in K1 of up to 17.4%, where the variation is calculated as the difference between the 
‘normal’ and ‘mirror’ results divided by the ‘normal’ result (refer Table 3 and Figure 12). 
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Figure 12. Example of K1 data extracted from a symmetrical semi-circular crack in the centre of the 

thickness of the specimen. The semicircular crack has a radius of 0.08 mm. The normal data 
set is the extraction. The mirrored data set is the mirror of the normal data about the centre 
line.  

 
This identified variation lead to the averaging of all results and created the nomenclature 
presented in the tabulated results. Results were generated for a through thickness location, for 
example at 30% of the thickness. Another case was run that created result for the mirrored 
location, in this example 70% of thickness. These results were then averaged to remove the 
potential fluctuations. With this in mind, locations are identified in all proceeding tables as 
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having a through thickness location, where it is presented as the two percentages of thickness 
used in the averaging, “70/30” as for the case of the example. 
 
A combination of averaging the results and a significant increase in mesh density was used to 
minimise the influence of the extraction errors on the results presented here. This highlights 
that the guidance provided by the software provider [10] is inadequate to reasonably model 
this case. After these corrections variations typically decreased to approximately 2%. 
 
3.7 Cases Considered 

Three main questions have been considered during this investigation: 
1. What happens to K1 as the crack size becomes smaller? 
2. What happens to K1 as the crack location moves through the thickness? 
3. What happens to K1 as the crack grows from a semicircular initiation to a through 

crack? 
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Figure 13. A graphical illustration of the range of crack size and location investigation with circular
cracks 
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To answer these questions, two sets of cases were constructed and presented as matrices of 
the investigation. The first matrix looks at circular cracks of different sizes at various positions 
through the specimen thickness. Figure 13 shows the range of investigations pictorially. For 
this set, some specific attention was paid to the behaviour of cracks near corners, as depicted 
in Figure 14. In this subset the crack locations were chosen to keep the ratio of the radius and 
the distance from the corner the same for each case. Table 4 presents the full test matrix. 
 
Table 4. Matrix 1 – Crack size and location investigation with semi-circular cracks. The location (%) 

shows the two percentage of thicknesses used for the averaged K1 extractions. The number 
in the table shows the degrees of arc of the crack. Where ‘NC’ refers to ‘near corner’. 

Crack Radius (mm) Through 
Thickness 
Location 
(%) 

1 0.5 0.3 0.2 0.1 0.08 

50/50 180o 180 o 180 o 180 o 180 o 180 o 
55/45 180 o 180 o 180 o 180 o 180 o 180 o 
60/40 180 o 180 o 180 o 180 o 180 o 180 o 
65/35 180 o 180 o 180 o 180 o 180 o 180 o 
70/30 180 o 180 o 180 o 180 o 180 o 180 o 
75/25 180 o 180 o 180 o 180 o 180 o 180 o 
80/20 180 o 180 o 180 o 180 o 180 o 180 o 
85/15 180 o 180 o 180 o 180 o 180 o 180 o 
90/10 180 o-NC 180 o 180 o 180 o 180 o 180 o 
95/5 128.7 o 180 o-NC     
97/3   180 o-NC    
97.5/2.5  128.7 o     
98/2    18 0 o-NC   
98.5/1.5   128.7 o    
99/1    128.7 o 180 o-NC  
99.2/0.8      180 o-NC 
99.5/0.5     128.7 o  
99.6/0.4      128.7 o 
100/0 90 o 90 o 90 o 90 o 90 o 90 o 

 
The second investigation looks at transitions from the semi-circular crack to an elliptical crack 
to a through crack, again at different sizes. This is graphically presented in Figure 15. Again 
this was performed for the same range of crack sizes as used in the first investigation. 
However, it was limited to cracks that are symmetrical about the centre of the specimen 
thickness. Table 5 presents the full matrix that was considered during this investigation. In 
Table 5 the ellipse aspect ratio is the ratio of the width radius to the depth radius, for example: 
“1” is a semi-circle and “3” has the width of the crack three times larger than the depth of the 
crack. Again, in this set the sizes were chosen in two manners, first a set was selected with 
consistent ellipse ratios and second a set was chosen with consistent crack width to specimen 
thickness ratios—to enable comparison of any effects linked to geometric ratios. 
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  a. 180 degree (near corner)                b. 128.7 degree                             c. 90 degree 

Figure 14. A graphical illustration of the detail of investigation into effects near corners. 

 

 

     
 
 
 

CIRCLE . . . . . . . . . . . . . . . . . . . ELIPSE . . . . . . . . . . . . . .THROUGH CRACK 

Figure 15. Matrix 2 - A graphical illustration of the crack size and shape investigation with cracks
about the centre of the specimen thickness 
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Table 5. Matrix 2 - Crack size and shape investigation with elliptical cracks about the centre of the 
specimen thickness 

Crack Depth (mm) Aspect 
Ratio 1 0.5 0.3 0.2 0.1 0.08 
1.0 X X X X X X 
2.0 X X X X X X 
3.0 X X X X X X 
4.0 X X X X X X 
5.0 X X     
6.0 X X     
6.1   X    
7.0  X     
7.5    X   
8.0  X     
8.22   X    
9.0  X     
10.0  X     
10.33   X    
11.0    X   
11.67     X  
12.44   X    
13.75      X 
14.5    X   
14.56   X    
16.67   X    
18.0    X   
19.33     X  
21.5    X   
23.5      X 
25.0    X   
27.0     X  
33.25      X 
34.67     X  
42.33     X  
43.0      X 
50.0     X  
52.75      X 
62.5      X 
Infinite 
(Through 
crack) 

X X X X X X 
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4. Results 

4.1 General Results 

Figure 16 and Figure 17 provide a general view of a model with a 1 mm semi-circular crack 
located at 50% through thickness. The figures present the details of the mesh and a plot of the 
strain in the Y axis (Ey). Figure 16 shows a general overview of the mesh and strain field for 
the substructured model, whereas Figure 17 provides it for the crack detail. 
 

 
Figure 16. Overview of mesh and Y axis strain (Ey) results for a 1 mm semi-circle crack at 50% 

through thickness subjected to fixed displacement (7.8e-4 mm) 

 
4.2 Variation of Crack Size 

The runs used in this section were generally successful with only the centre extraction of the 
0.08 mm near corner crack (0.4% and 99.6% of thickness) failing. The judicious selection of 
near corner crack locations allowed for this high success rate. Detailed results are presented in 
Appendix D  as both raw and processed data. 
 
For most configurations, crack size variation has a very small effect on overall K1 extracts. 
From Figure 18 to Figure 21, we see that the K1 values for semicircular, elliptical and through 
cracks all vary very little as the size changes. The exception is for the corner crack, Figure 22, 
where the variation is obvious and effective. Given that the notch is ‘crack-like’, it is not 
surprising that the changes in K1 are small for these relatively small cracks. 
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Figure 17. Detailed view of mesh and Y axis strain results (Ey) for a 1 mm circular crack at 50% 

through thickness subjected to fixed displacement (7.8e-4 mm). The slender elements of this 
mesh are within the limit guidance provided by the software developer, ESRD. 
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Figure 18. K1 extraction around a semi-circular crack at the centre of the specimen thickness (50% of 

thickness) 
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Figure 19. K1 extraction around a semi-circular crack at the quarter of the specimen thickness (75% of 

thickness) 
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Figure 20. K1 extraction around an elliptical crack with an aspect ration of 2 
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Figure 21. K1 extraction across a through crack 
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Figure 22. K1 extraction around a quarter crack at surface of the specimen thickness (100% of 

thickness) 

 
 
4.3 Variation of Crack Location 

The runs were generally successful with only the centre extraction of the 0.08 mm near corner 
crack (0.4% and 99.6% of thickness) failing to compute. The judicious selection of near corner 
crack locations allowed for this high success rate. Detailed results are presented in Appendix 
D  as both raw and processed data. 
 
Crack location only played a small part in the variation of many of the K1 results across the 
extraction limits. From Figure 23 we can see that there is little or no edge effect until the crack 
starts to vary its shape, covering less of the semicircular arc. If the comparison is made with 
crack front normalised to the length of the 180 arc, rather than their own length, we see that K1 
remains consistent with earlier 180 degree extractions and only varies near the local change in 
geometry. This effect is attributed to the influence of the stress raiser, or starter notch, in this 
geometry; it appears to dominate all other effects. 
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Figure 23. K1 extractions for semi-circular cracks with various through thickness locations, varying 

from the centreline to a corner crack 
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Figure 24. K1 extractions for semi-circular cracks with various through thickness location, varying 

from the centreline to a corner crack. These extractions have all been normalised to the full 
180 degree crack, hence some plots do not reach the normalised value of 1 
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Table 6. Cases that successfully meshed, ran and allowed for K1 to be extracted 

Depth (mm) Aspect 
Ratio 1 0.5 0.3 0.2 0.1 0.08 

1.0 OK OK OK OK OK OK 
2.0 OK OK OK OK OK OK 
3.0 OK OK OK OK OK OK 
4.0 OK OK OK OK OK OK 
5.0 OK OK     
6.0 OK OK     
6.1   OK    
7.0  Error     
7.5    Error   
8.0  Error     
8.22   Error    
9.0  Error     
10.0  Error     

10.33   Error    
11.0    Error   

11.67     Error  
12.44   OK    
13.75      OK 
14.5    OK   

14.56   OK    
16.67   OK    
18.0    OK   

19.33     OK  
21.5    OK   
23.5      OK 
25.0    OK   
27.0     OK  

33.25      Error 
34.67     Error  
42.33     Error  
43.0      Error 
50.0     Error  

52.75      Error 
62.5      Error 

Infinite 
(Through 

Crack) 
OK OK OK OK OK OK 

 
4.4 Variation of Crack Shape 

The results achieved for variations of crack shape were not as successful as for the semi-
circular cracks. This is mainly because crack ratios where chosen that were based on geometric 
comparisons, not on meshing limits. As a result, the automesher had difficulty meshing some 
of the cases and results were not returned. These are denoted as ‘error’ in Table 6. In general, 
as the aspect ratio increased and the radius of curvature increased the automesher had more 
difficulty fitting elements, however, this was not always true. 
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Detailed results are presented in Appendix D  as both raw and processed results. 
 
Crack shape variations had a more pronounced influence on the extracted K1 values. Figure 25 
presents data for an elliptical crack of varying aspect ratios from one to infinity (a through 
crack) at a depth of 1 mm. From these results it can be seen that the peak K1 values remain 
reasonably consistent, but the minima and distribution change considerably. Once the ellipse 
breaks away from the stress raiser, that is the crack end is no longer on the pre-notch, the peak 
drops sharply and the centre segment becomes the highest K1. 
 
As the aspect ratio of the ellipse increases the ability of StressCheck to mesh the geometry 
decreases and the veracity of the results also decreases. This is due to the increasing severity 
of the curvature at the end of the extremities of the ellipse, which the code has difficulty 
meshing. However, once the crack breaks the face of the specimen and the radius of curvature 
decreases the software can again mesh correctly and the results improve again, as with the 
through crack case. 
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Figure 25. Changes in K1 for elliptical cracks with changes in aspect ratio, all plotted for cracks with a 

depth of 1 mm 

 
 

5. Discussion 

5.1 Issues from the ASTM Standard 

The ASTM example data set, provided in Figure 1, is assumed to be tested under the 
requirements of the ASTM standard [4]. For this, the pre-crack notch would be at least 20% of 
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the specimen width, or 20.32 mm (0.8 inches). Therefore, the minimum total crack length (a) 
would be half the precrack notch or 10.16 mm (0.4 inches). From Figure 1, it is clear that crack 
length data set is presented below 5 mm (0.2 inches). This suggests that either the initial pre-
crack notch was much shorter or the measurements provided are the crack length beyond the 
pre-crack notch, sometimes called the natural crack. Neither of these options is in the spirit of 
the standard [4], however, for this work it is assumed that the second is true and that crack 
length of Figure 1 refers to only the natural crack, not considering the pre-crack notch. 
 
The ASTM standard calls for specimens to be pre-cracked. This ensures that the initiation 
phase is completed and the results should only include the crack growth phase. This practice 
would mean most of the work undertaken herein is not applicable to the data of Figure 1, 
because the crack would already be established as a through crack. In this circumstance, there 
would not be the expected changes in stress intensity factor and the proposal that K1 creates 
the non-exponential crack growth of stage 1 (in Figure 1) would not hold. However, as 
discussed earlier the full standard does not seem to have been applied to this data and as such 
it is also assumed that no pre-crack has occurred. 
 
5.2 The Zone of K Dominance 

K dominance, as described by Anderson [12], does not always hold and, in such cases, a K 
solution would become inappropriate and lead to erroneous results. However, for the cases 
presented here, the analysis is perfectly elastic and is not susceptible to the size of a plastic 
zone. Consequently, the zone of K dominance is not considered during the discussion of 
results. 
 
5.3 Maximum and Minimum K1 

A common engineering practice is to select K1, or geometry factors, away from a free edge, 
nominally five degrees in, a point amplified in communications with ESRD—the StressCheck 
developers [13]. This is to account for inaccuracies in computing the K1 in the transition to a 
free edge or, in other words, from plane strain to plane stress conditions. The description 
previously given (Section 2.2) articulates how this is performed in the StressCheck code.  
 
The predominantly consistent and continuous results near the free edges, for example show in 
Figure 19 and Figure 20, suggest the extractions are quite robust. Particularly, the semi-
circular extractions—where both crack ends lie on the stress raising geometry (case (a) of 
Figure 14)—and the through-crack cases appear robust. However, some cases do appear to 
contain anomalies in the results. The two cases where results seem to degrade are the high 
aspect ratio ellipses and any crack that has breached a corner.  
 
The errors in the high aspect ratio ellipses are most likely due to the StressCheck auto-mesher 
failing to accurately mesh the extreme curvature in the geometry. Similarly, where the semi-
circular crack is in transition to a corner crack, the geometry can be more difficult to mesh. 
However, the full corner crack case is not difficult to mesh and the anomalies from these cases 
are most likely due to the edge effect. Interestingly, in the case of the corner crack, as seen in 
Figure 22, the anomaly appears at both ends—both at the edge with the stress raiser and the 
coupon’s side. This seems to justify the common practice of selecting K1 approximately 5 
degrees in from a free edge [13]. 

 
UNCLASSIFIED 

36 



UNCLASSIFIED 
DSTO-TR-2628 

 

The edge effects may stem from one of two explanations. The first is that the high stress 
gradient near this notch is having a positive influence on the accuracy of the K1 solution. 
However, such an explanation is difficult to rationalise. The second and more favoured 
explanation is that when the path of the J-integral falls on a free surface the solution accuracy 
decreases. When the path of the J-integral lies within the material, as is the case near the notch, 
the solution is more robust. This geometric condition is depicted in Figure 26. This case would 
be related to the numerical stability of the contour integral method for the determination of 
the J-Integral on a free surface, where one side has zero stress and the other is a fully 
developed field. 
 

 
Figure 26. The J-Integral at the notch is contained within the body, whereas the other J-Integral lies on 

a free edge 

Further, if the radius of integration is not tangential to a free surface, but instead passes 
through it, then the solution is likely to be less accurate. This is the case of the near corner 
cracks, case (b) of Figure 14. 
 
Interestingly, for the cases where the edge solution is considered robust, selecting the five 
degree value would result in a K1 that is more than 10% lower than the peak. Using this value 
may lead to non-conservative outcomes. 
 
5.4 Likely Crack Path Due to K1 Distribution 

The plotted distributions of K1 around the crack fronts for circular cracks indicate that such a 
crack is likely to grow faster at the free edges. This would lead the crack to grow into an 
ellipse before becoming a through crack. The data generated in this report indicates that the 
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peak K1 varies very little through this process, but the K1 distribution changes significantly as 
the crack elongates. This may lead to the crack growth distribution depicted in Figure 1. 
However, this is likely to be subjective and dependant on the measurements taken to 
determine the crack growth. For example, free surface length (via replicant or microscope) 
measurement would provide a different growth rate to fractographic results based solely on 
depth. If they are made as depth measurements it can be seen from Figure 25 that the K1 
varies at the crack centre, whereas the K1 at the free edges appears more consistent. Therefore, 
the issue of how the growth rate is measured may have the largest bearing on the crack 
growth rates shown in the curve of Figure 1. Investigating this behaviour was beyond the 
scope of this report. 
 
 

6. Conclusion 

In conclusion, this modelling work set out to utilise advanced, high order finite element 
methods to assess whether there are changes in stress intensity factors for small cracks in the 
ASTM Middle Tension test specimen [4]. Several cases were considered; including corner 
initiated cracks, near corner initiated cracks, and centrally initiated cracks. The results apply to 
a geometric problem that is not in the open literature and are presented in a usable form of 
tabulated K1 values.  
 
The results show that K1 and therefore the  factor may be influencing the non-exponential 
behaviour of the early portion of crack growth for an ASTM middle tension specimen, as 
shown in Figure 1. However, the method of crack length measurement of that early portion of 
crack growth is likely to significantly influence the experimental data for this region. As such, 
further consideration could be given to understand this aspect of the experimental data. 
 
Finite element methods have the potential to produce inaccurate results and significant effort 
was expended to ensure accurate and robust solutions resulted from the chosen code. Many 
lessons were learnt and documented as part of this work. 
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Appendix A  Construction of Global Modal 

A.1. Global Model Construction 

 
Figure 27. Early global model from StressCheck version 7.0.6. This plot shows y axis strain (Ey) with 

deformation 

 
The global model was constructed initially in early versions of StressCheck, Figure 27, but was 
further developed until the method set out below proved successful. 
 
A.2. Input Parameters  

StressCheck is a parametric modelling tool that allows for multiple case studies through the 
variation of parameters built into the model. Table 7 presents the parameters of the global 
modal. 
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Table 7. Parameters used in global model 

Parameters Description Formula Value 
A0  Crack Length Bc/10 1.25 
An  Notch Length   10 
ANGn  Notch Tip Angle   75 
At  Crack Position   0.5 
Bc  Coupon Thickness   12.5 
Lc  Coupon Length Wc/2+1.5*Wc 200 
Nx1   (Wc/2)-An 40 
Nx2   (Wc/2)-An+(Wn/2)*Tan(ANGn*pi/180) 41.866 
Nx3   (Wc/2)+An-(Wn/2)*Tan(ANGn*pi/180) 58.134 
Nx4   (Wc/2)+An 60 
Ny1   0 0 
Ny2   Wn/2 0.5 
Ny3   Wn/2 0.5 
Ny4   0 0 
RH     10 
Wc  Coupon Width   100 
Wn  Notch Width   1 

 
 
A.3. Construction Methodology  

This model was created with the following steps: 
 

REFERENCE/THEORY TOOLBAR 
Initiate a model with properties of “3d”, “Elasticity”, “Other” 

 

HANDBOOK. 

Set up the parameters (Table 7) 

 

GEOMETRY (green plane setting) 

Create box locate Solid 

   (x,y,z)=(0,0,0) 

   Width=Wc 

   Height=Lc 

   Depth=Bc 

   Accept 

Create box locate Solid 

   (x,y,z)=(0,-Lc/2,0) 

   Width=Nx2-Nx3 

   Height=Wn 

   Depth=Bc 

   Accept 
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Create body Bool-Subtract Select First box 

   Select Second box 

   Accept 

Create Blend Edge Chamfer Input 

   R1: Wn/2 

   R2: Nx2-Nx1 

   Select first edge of cut out 

   Accept 

Create Blend Edge Chamfer Input 

   R1: Wn/2 

   R2: Nx2-Nx1 

   Select Second edge of cut out 

   Accept 

Create Cylinder Locate (x,y,z) = (0,(Lc/2-Wc/2),0) 

   Radius = Rh 

   Height=Bc 

   Rot=(0,0,0) 

Create body Bool-Subtract Select main geometry 

   Select cylinder 

   Accept 

Create System Locate Cartesian 

   (x,y,z)= (0,Lc/2-Wc/2,Bc/2) 

   Rot=(0,0,0) 

Create Plane Locate (x,y,z)=(0,-Lc/6,0) 

   Width= Wc 

   Height = Bc 

   P1min=-0.5 

   P1max=0.5 

   P2min=0 

   P2max=1 

   Rot(x,y,z)=(90,0,0) 

Create body Bool-Union Select main geometry 

   Select plane 

   Accept 

    

    

MESH 

Create Mesh Auto Ratio = 0.2 

   D/H = 0.1 

   MinLen = 0.0005 

   Isopar = 0 

   Select main body 

   Accept 

   Automesh 
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MATERIAL 

Define Linear Selection  

  Define tab Units = SI 

   Browse – 7075-t6 

   Accept 

  Assign Tab Select AllElement Selection 

   ID = 7075-t6 

   Colour = Aluminium 

   Accept 

    

LOAD 

   Select Any Surface Bearing 

   ID = PinBear 

   Dir = Mag/Dir 

   System = SYS4 (centre of pin hole) 

   Mag = 1000 

   Ang = 90 

   Z0 = 0 

   Select pin hole surface 

   ACCEPT 

    

CONSTRAINT 

   Select Any Surface Symmetry 

   ID = SymRest 

   Click bottom two surfaces 

   ACCEPT 

   Select Point Rigid Body 

   ID = SymRest 

   Click 3 bottom corner points 

   ACCEPT 

    

SOLUTION ID 

   Trial2 

   SYMREST 

   PINBEAR 
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Appendix B  Construction of Sub-Structured Model 

B.1. Sub-structured Model Construction 

 
Figure 28. Substructured  model from StressCheck version 8.0. Plotted y axis strain (Ey) under a fixed 

displacement load of 7.8e-4 mm 

 
The global model was constructed initially in early versions of StressCheck, Figure 27, but was 
further developed until the method set out below proved successful.  
 
 
B.2. Input Parameters  

StressCheck is a parametric modelling tool that allows for multiple case studies through the 
variation of parameters built into the model. Table 7 presents the parameters of the global 
modal. 
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Table 8. Parameters used in sub-structured model 

Parameters Description Formula Value 
A0  Crack Length Bc/10 1.25 
An  Notch Length   10 
ANGn  Notch Tip Angle   75 
At  Crack Position   0.5 
Bc  Coupon Thickness   12.5 
Lc  Coupon Length Wc/2+1.5*Wc 200 
Nx1   (Wc/2)-An 40 
Nx2   (Wc/2)-An+(Wn/2)*Tan(ANGn*pi/180) 41.866 
Nx3   (Wc/2)+An-(Wn/2)*Tan(ANGn*pi/180) 58.134 
Nx4   (Wc/2)+An 60 
Ny1   0 0 
Ny2   Wn/2 0.5 
Ny3   Wn/2 0.5 
Ny4   0 0 
RH     10 
Wc  Coupon Width   100 
Wn  Notch Width   1 

 
 
B.3. Construction Methodology  

This model was created with the following steps: 
 

REFERENCE/THEORY TOOLBAR 
Initiate a model with properties of “3d”, “Elasticity”, “Other” 

 

HANDBOOK. 

Set up the parameters (Table 8) 

 
GEOMETRY (Green Plane Setting) 

Create  Box Locate Solid  

   Width: wc 

   Height: lc/3  

   Depth: bc  

   Accept 

Create Box Locate Solid  

   X: 0 

   Y:-lc/6 

   Z: 0 

   Width: nx2-nx3  

   Height: wn 

   Depth: bc  

   Accept 
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Create Body Bool-subtract Input 

   Select main box 

   Select sub box 

   Accept 

Create Blend edge Chamfer Input 

   R1: wn/2 

   R2: nx2-nx1 

   Select left notch edge 

   Accept 

Create Blend edge Chamfer Input 

   R1: wn/2 

   R2: nx2-nx1 

   Select right notch edge 

   Accept 

Create  Circle Locate  Input (this forms the path) 

   X: nx4-wc/2 

   Y: -lc/6 

   Z: bc*at 

   Radius: a0 

   Rot-x: 270 

   Accept 

Create Body Bool-union  
Select the main body, then select the circle 
and click ‘accept’ 

    

MESH 

Create Mesh Auto Ratio: 1 

   Minlen: 1.25e-5 

   Isopar: 0.0 

   Trans: 0.125 

   Select geometry 

   Accept 

   Automesh 

Create  Bndry layer Ratio: 0.02 

   Layers: 3 

   To: 0.0225*a0 

   T-total: 0.30*a0 

   Select the crack front boundary 
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MATERIAL (define tab) 

Define Linear Selection  Id: aluminium7075-t6 

   Material: linear 

   Units: other 

   Type: isotropic 

   Shear: energy 

   Comment: 7075-t6 forgings 

   E: 7.17e4 

   V: 3e-1 

   Dens: 2.8e-9 

   A(th): 2.36e-5 

   Accept 

    

MATERIAL (assign tab) 

Select All elements Selection Id: aluminium7075-t6 

   System: global 

   Color: aluminum 

   Type: homogeneous 

   Accept 

    

CONSTRAINT 

Select Any surface General Id: constdisp 

   Direction: xyz 

   System: global 

   Y: 7.8e-4 

   Select top face 

   Accept 

Select  Symmetry Id: constdisp 

   
Select bottom faces (not the notch or the 
open crack area) 

   Accept 

Select Point Rigid body Id: constdisp 

   
Select three points on bottom edges (not at 
notch) 

   Accept 

    

SOLUTION ID 

Define Name Selection Solution id: fixed 

   Constraint id: constdisp 

   Accept 

    

STRESSCHECK SOLVER 

Linear  Extension:  upward-p 
  P-limits: 1 to 7 
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Appendix C  Lessons Learnt 

Unfortunately, the development of the models for this project was not as simple as 
anticipated. Throughout the development, issues have arisen that have slowed the project and 
resulted in an adjustment of the goals. This section will outline some of these issues and 
provide lessons learnt were possible. It is worth noting that many issues were resolved with 
newer versions of StressCheck highlighting some issues of the earlier code releases, and the 
issues from earlier codes will only be touched briefly. 
 
C.1. Stability 

This project has used four versions of the chosen FEA code; StressCheck 7.0.6, StressCheck 7.1, 
and StressCheck 7.1.1 over a 24 month period. The general conclusion from the use of each of 
the versions is that they all appear to be unstable. There has been difficulty in proving the 
existence of any particular implementation anomalies because models that fail on one PC may 
run fine on another, or a model that runs fine once may fail if run a second time. These 
stability issues also often cause corruption to input data files or the operating code itself. 
Corrupted models need to be reconstructed from scratch. This was possible for this project 
because it used fairly simple geometry that was quick to build and this approach guaranteed 
that the anomaly did not stem from corrupt data in an earlier file. However, it did not assure 
the method of construction did not generate data corruption. As such when repeated models 
were still found to be unstable other methods of creating the same geometry were developed. 
Through a combination of version upgrades and revised geometry creation, the final models 
were stable enough to generate the results present herein. 
 
Later versions of the code appear to be improvements on earlier versions, but sometimes these 
newer versions had new issues. For example, StressCheck 7.1 initially failed to run, despite a 
completely clean installation where the previous version had run. This was despite complete 
removal of the old versions, including a manual registry clean. ESRD had great difficulty 
sourcing the cause of this and eventually the anomaly was corrected locally. 
 
Unfortunately system error messages and program crashes can still occur on StressCheck 
version 8.0. 
 
C.2. Modelling Size Limits 

Some preliminary models were attempted in StressCheck version 7.0.6 to assess whether the 
software could model the half specimen with a crack. At this early stage the models took a 
long time to run and were invariably corrupted upon completion, making result extraction 
difficult or pointless as the data set was shown to be invalid. It was felt that there may have 
been an issue when constructing a model with large element size variations, exceeding 1000:1. 
So this approach was abandoned in favour of sub-structured models. 
 
The first sub-structured models were created in the 3D space using the units “mm/N/sec/C” 
and employed geometric features embedded in the solid to force the creation of a refined 
mesh. StressCheck behaved erratically when attempting to generate semi-circular cracks with 
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a radius less than 0.5 mm. This issue was traced by ESRD to the Parasoild kernel employed for 
geometry creation in StressCheck models. It was caused because the kernel is limited to 
dimensions smaller no smaller than 0.1 mm in the 3-D space using the units “mm/N/sec/C”, 
and this lead to instability. 
 
As a result, the modelling units were switched to “other” and an attempt was made to model 
the sub-structured model where 1 unit was equivalent to one tenth of a millimetre. Again 
issues were encountered, this time the model appeared to change from a solid to a wire-frame 
and further geometric or Boolean operations failed. These issues were again traced by ESRD 
to the Parasoild kernel. This time it was because the kernel has a maximum dimension limit of 
a sphere of 500 units (radius) about the origin (0, 0, 0) when using the “Other” units. This is 
because it considers these to be metres, despite the “other” tag, and going outside this spheres 
causes the modeller to fail. 
 
As a work around the “other units” was used and 1 unit was set equivalent to 1 mm, thereby 
staying with the maximum limit and potentially permitting small geometries, down to 
0.0001 mm. 
 
C.3. K1 Determination Concerns 

 
Figure 29. Initial sub-structured model and mesh with 1 mm semicircular crack and local mesh detail 

shown in the insert 

 
Two anomalies with the result for K1 were found when performing the first set of extractions 
from the sub-structured model with an initial semicircular crack in the centre of the thickness, 
under StressCheck 7.1.1. The extractions were performed under the “points” tab of the results 
menu. Ten extraction points were selected (giving 12 results) around the semicircular crack 
front with a radius of 1 mm, see Figure 29. This model configuration was symmetrical, so the 
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extraction was expected to yield symmetrical results. Secondly, an attempt was made to verify 
the stability of the result by checking the influence of the radius of integration on the K1. Both 
of these checks returned results that were worse than expected, leading to a small 
investigation. The results of this first extraction are presented in Table 9. The initial model had 
1229 Tetra elements and 2129 nodes. It is worth noting that the mesh for this model is not 
ideal, it has distended elements. However, the refinement near the crack tip was within the 
guidance of ESRD. This approach was taken with these early models to ensure successful runs 
by keeping the models small. This approach was taken due to instability found in early 
versions of StressCheck. 
 
The variance of the symmetry check for the initial model was up to 5.3%. The extractions 
taken only from within the crack tip’s second mesh refinement were typically in the range 
3.4%-5.3%. When considering the issue of stability of K1 with changes to the radius of 
integration two percentage measures were calculated. The first is for the radius variations 
from the outer edge of the second refinement to the middle of the inner refinement. The 
second is from three points inside the second refinement. In this initial model the variations 
were 40%-42% and 17.5%-19%, respectively. The percentage calculations are based on the 8th 
order polynomial result. 
 
It should be mentioned that these early developmental meshes appear less than ideal, but they 
passed the system checks within the code. However, the work that follows considers the mesh 
refinement issue so as to ascertain its influence, by comparing models with differing mesh 
refinement. 
 
C.3.1 Constraints 

The model presented in Figure 29 was over constrained in the global “Y” axis. To ensure this 
over restraint was not interfering in the results, it was rectified and the revised model (see 
Figure 30) was re-run. As suspected, removing the over-constraint had no influence on the 
results. The extracted K1 values were identical to the original model as reported in Table 9. 
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Table 9. K1 extractions for varying radii of integration on 1 mm semicircular crack using initial sub-
structured model and mesh 

   K1 (MPa √m) 
Radius Of 
Integration 

N Z 
Run 
#1 

Run 
#2 

Run 
#3 

Run 
#4 

Run 
#5 

Run 
#6 

Run 
#7 

Run 
#8 

1 7.25 1.52 3.30 4.54 5.23 5.50 5.54 5.53 5.54 
6 6.39 1.43 2.48 2.81 2.93 2.99 3.02 3.04 3.05 
7 6.11 1.67 2.80 3.09 3.10 3.07 3.05 3.04 3.04 

0.15 * A0 

12 5.25 1.41 2.73 3.61 4.30 4.81 5.15 5.34 5.42 
           

1 7.25 1.74 3.09 4.18 4.93 5.43 5.74 5.90 5.96 
6 6.39 1.92 2.42 2.62 2.81 2.86 2.90 2.94 2.96 
7 6.11 1.72 2.33 2.60 2.83 2.85 2.91 2.94 2.96 

0.1125 * A0 

12 5.25 2.15 2.75 3.62 4.15 4.65 5.06 5.41 5.66 
           

1 7.25 3.30 5.69 5.91 6.74 6.59 6.86 6.78 6.77 
6 6.39 1.52 2.49 2.65 2.74 2.83 2.88 2.91 2.93 
7 6.11 1.39 2.55 2.63 2.73 2.83 2.88 2.91 2.93 

0.15 * A0/2 

12 5.25 3.94 5.65 6.16 6.19 6.45 6.45 6.53 6.52 
           

1 7.25 3.12 5.87 6.45 6.94 7.01 7.20 7.18 7.23 
6 6.39 1.21 2.37 2.72 2.78 2.81 2.85 2.89 2.91 
7 6.11 1.11 2.42 2.71 2.76 2.80 2.85 2.89 2.91 

0.04875 * A0 

12 5.25 3.87 5.64 6.43 6.51 6.82 6.82 6.98 6.99 
           

1 7.25 4.91 5.54 7.17 7.52 7.84 8.01 8.14 8.16 
6 6.39 1.47 1.84 2.46 2.67 2.77 2.83 2.86 2.88 
7 6.11 0.837 1.84 2.35 2.60 2.74 2.82 2.86 2.88 

0.15* 0.15* 
A0 

12 5.25 4.62 6.48 7.10 7.45 7.72 7.94 7.87 8.14 
           

1 7.25 5.42 7.67 8.28 8.69 9.44 9.26 9.23 9.28 
6 6.39 1.35 2.46 2.56 2.58 2.76 2.90 2.87 2.82 
7 6.11 1.54 2.76 2.36 2.60 2.90 2.87 2.77 2.82 

0.15* 0.15* 
A0/2 

12 5.25 4.16 6.12 6.88 8.30 8.95 9.02 9.05 9.40 
           
 

 

C.3.2 Mesh refinement 

After removing any doubt from the set up of constraints, the influence of mesh refinement 
was considered. With the initial model the global mesh was kept course with quick transition 
to keep this size of the model down, improve run time and maintain stability. This meant that 
meshing away from the area of interest was less than ideal. Many of the Automesher 
parameters were adjusted in an attempt to improve the mesh without it becoming overly 
large. In the end, the best solution was to embed a sphere in the region near the crack to create 
local refinement. The radius of the sphere was set at 3 times the crack radius. Figure 31 shows 
the resultant model which contained substantially improved meshing near the crack for only 
1749 Tetra element and 2848 nodes. 
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Figure 30. Sub-structured model and mesh with 1 mm semicircular crack and revised boundary 

conditions 

 
The results for the revised mesh showed an improvement, but were still beyond what was 
expected for the variation of K1 with changes to the radius of integration, with 39%-42.5%. The 
improvement was more pronounced when considering the extractions from the inside the 
second refinement with results of 13.8%-15.6%. The symmetric K1 result was better, however, 
despite having an almost symmetrical mesh the result still showed a variation of up to 4%. 
These percentage variation calculations are based on the 8th order polynomial result. A 
summary of these results is presented in Table 10. 
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Figure 31. Sub-structured model with 1 mm semicircular crack revised mesh and boundary conditions 

 

C.3.3 Validation of a StressCheck Handbook example 

As part of the research program, it was decided that it would have been instructive to 
compare the results with a handbook example that uses a crack on a plane of symmetry. As 
such, the ESRD Channel with a crack example was chosen and run straight from the 
handbook without revision, Figure 32. This example is not symmetrical so it only provides a 
reference for the variation of K1 with the radius of integration. The results were better than for 
the sub-structured model, but still quite high at 15.6% - %19.3% and 7.8% - 11.7% respectively. 
A more detailed summary is provided in Table 11 and these percentage calculations are based 
on the 8th order polynomial result. 
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Table 10. K1 extractions for varying radii of integration on 1mm semicircular crack using the sub-

structured model with revised mesh and boundary conditions 

   K1  (MPa √m) 
Radius Of 
Integration 
(mm) 

N Z 
Run 
#1 

Run 
#2 

Run 
#3 

Run 
#4 

Run 
#5 

Run 
#6 

Run 
#7 

Run 
#8 

1 7.25 2.269 4.119 5.375 5.769 5.851 5.763 5.689 5.646 
6 6.392 1.38 2.218 2.624 2.815 2.934 2.99 3.016 3.028 
7 6.108 1.209 2.124 2.582 2.78 2.899 2.961 2.994 3.013 

0.15 * A0 

12 5.25 1.901 3.87 4.83 5.285 5.497 5.538 5.552 5.562 
           

1 7.25 2.335 4.074 5.368 5.938 6.216 6.252 6.233 6.163 
6 6.392 1.819 2.437 2.7 2.898 2.938 2.955 2.974 2.982 
7 6.108 1.501 2.344 2.75 2.874 2.935 2.955 2.97 2.981 

0.1125 * A0 

12 5.25 2.662 3.762 4.762 5.263 5.609 5.864 6.005 6.069 
           

1 7.25 2.792 5.599 5.902 6.622 6.472 6.708 6.61 6.627 
6 6.392 1.299 2.482 2.764 2.831 2.899 2.932 2.944 2.952 
7 6.108 1.307 2.374 2.717 2.856 2.904 2.924 2.941 2.952 

0.15 * A0/2 

12 5.25 4.286 6.417 6.906 6.79 6.897 6.815 6.789 6.717 
           

1 7.25 2.673 5.822 6.471 6.885 6.948 7.104 7.09 7.151 
6 6.392 1.151 2.342 2.753 2.841 2.882 2.907 2.922 2.93 
7 6.108 1.155 2.298 2.668 2.821 2.886 2.91 2.923 2.928 

0.04875 * A0 

12 5.25 3.914 6.303 7.133 7.084 7.265 7.181 7.249 7.192 
           

1 7.25 4.493 5.533 7.266 7.566 7.806 7.988 8.098 8.134 
6 6.392 1.483 2.062 2.696 2.816 2.863 2.889 2.9 2.902 
7 6.108 1.188 2.34 2.801 2.859 2.904 2.892 2.906 2.897 

0.15* 0.15* 
A0 

12 5.25 4.118 7.304 7.923 8.111 8.223 8.355 8.171 8.38 
           

1 7.25 5.095 7.928 8.465 8.786 9.45 9.267 9.211 9.276 
6 6.392 1.037 2.429 2.623 2.641 2.824 2.947 2.909 2.847 
7 6.108 1.23 2.595 2.411 2.673 2.968 2.923 2.802 2.846 

0.15* 0.15* 
A0/2 

12 5.25 3.789 6.906 7.724 9.024 9.545 9.49 9.403 9.674 
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Figure 32. ESRD's handbook channel crack example 

 
C.3.4 Validation against an Abaqus Handbook example 

After obtaining another disappointing result for the ESRD handbook channel crack example, 
consideration was given to the accuracy of other codes. A worked example with matched 
handbook solutions was found in another code licensed to DSTO, Abaqus. This model was 
recreated in StressCheck with the aim of comparing the StressCheck result with that from the 
Abaqus handbook solution. The model is a simple elliptical crack in the centre of a plate, as 
shown in Figure 33. In this example it is modelled utilising the symmetry about its centreline 
and as such it is not possible to compare K1 symmetry anomalies. To speed up result 
generation these models were only run to polynomial order 6. 
 

 
UNCLASSIFIED 

55 



UNCLASSIFIED 
DSTO-TR-2628 
 

Table 11. K1 extractions for varying radii of integration on ESRD's handbook channel crack example 

   K1  (MPa √m) 
Radius Of 
Integration (mm) 

N Z 
Run 
#1 

Run 
#2 

Run 
#3 

Run 
#4 

Run 
#5 

Run 
#6 

Run 
#7 

Run 
#8 

1 2.5 6099 6381 7519 7657 7782 7763 7894 7980 
6 2.5 6014 6389 7438 7828 7991 8110 8214 8225 
7 2.5 5944 6425 7455 7798 8016 8153 8272 8282 

0.15 * A0 

12 2.5 6360 6841 7889 7758 8025 8184 8320 8408 
           

1 2.5 5501 6740 6592 7142 7416 7576 7686 8100 
6 2.5 5443 6822 7269 7774 7952 8085 8125 8171 
7 2.5 5374 6866 7305 7795 8008 8149 8180 8240 

0.1125 * A0 

12 2.5 5756 7323 7361 7608 7868 7997 8104 8177 
           

1 2.5 4680 6599 6565 6886 7147 7322 7418 7570 
6 2.5 4631 6747 7372 7647 7806 8028 8027 8090 
7 2.5 4561 6802 7424 7697 7866 8099 8080 8163 

0.15 * A0/2 

12 2.5 4900 7233 7573 7368 7576 7730 7821 7889 
           

1 2.5 3675 5908 6393 6781 6966 7020 7098 7155 
6 2.5 3634 6117 7298 7665 7769 7927 7922 7991 
7 2.5 3565 6183 7357 7734 7825 7998 7979 8064 

0.04875 * A0 

12 2.5 3859 6528 7765 7301 7396 7423 7486 7534 
           

1 2.5 6116 5535 6353 7156 6809 6245 6651 6771 
6 2.5 6070 5782 6645 7559 7961 7528 7888 7963 
7 2.5 6021 5887 6648 7610 7990 7582 7958 8032 

0.15* 0.15* A0 

12 2.5 6594 6067 6854 7570 8026 6806 6939 7090 
           

1 2.5 6283 6813 7355 7155 6821 6779 6482 6533 
6 2.5 6182 7008 7567 7411 7321 7643 7942 7939 
7 2.5 6159 7118 7587 7463 7346 7705 8012 8012 

0.15* 0.15* A0/2 

12 2.5 6723 7467 7969 7683 7273 7377 7659 7411 
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Figure 33. Elliptical crack in plate with handbook solutions and comparisons from Abaqus handbook 

example (Model V1) 

Table 12. K1 extractions for varying radii of integration on verifiable model (presented in the Abaqus 
Handbook) of elliptical crack in a plate 

   K1  (MPa √m) 
Radius Of 
Integration (mm) 

N Z 
Run 
#1 

Run 
#2 

Run 
#3 

Run 
#4 

Run 
#5 

Run 
#6 

Run 
#7 

Run 
#8 

1 0.6667 1663 2507 2643 2678 2696 2702   0.15 * A0 
12 1.667 1221 1723 1727 1736 1737 1742   

           

1 0.6667 2650 2569 2611 2734 2668 2703   0.1125 * A0 
12 1.667 1506 1612 1791 1702 1709 1722   

           

1 0.6667 2341 2823 2596 2649 2697 2695   0.15 * A0/2 
12 1.667 1337 1661 1657 1717 1683 1689   

           

1 0.6667 1894 2772 2752 2678 2666 2683   0.04875 * A0 
12 1.667 1156 1620 1620 1651 1667 1667   

           

1 0.6667 1130 2080 2352 2568 2623 2684   0.15* 0.15* A0 
12 1.667 1057 1657 1676 1663 1646 1639   

           

1 0.6667 2483 3034 2401 2579 2770 2736   0.15* 0.15* A0/2 
12 1.667 1114 1782 1371 1517 1632 1614   
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This model showed excellent results with the K1 variation down to 2%-7% and 0.7-3.2%. With 
this successful result an attempted was made to perturb the model by varying the mesh, crack 
shape and crack size. This would then indicate what was causing the earlier inaccuracies. 
 
This first model (V1, Figure 33) had 3363 tetra elements and 5047 nodes. The second model 
(V2, Figure 34) looked at reducing the element numbers. The third model (V3, Figure 35) 
reduced these as much as possible, but still ensuring no meshing errors were generated. The 
first set of results showed that this model layout did not suffer from mesh sensitivity. 
 

 
Figure 34. Elliptical crack in plate with handbook solutions and comparisons from other FEA code, 

reduced mesh example (Model V2) 
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Figure 35. Elliptical crack in plate with handbook solutions and comparisons from other FEA code, 

second reduced mesh example (Model V3) 

 

Table 13. Summary of results from verifiable model of symmetric crack in a plate 

Model # Description Smallest Radius Elements Nodes Global 
Variance 

Confined 
Variance 

V1 Elliptical Crack 
baseline 

1 inch / 25.4 mm 3363 5047 2%-7% 0.7-3.2% 

V2 Elliptical Crack –
Revised Mesh 

1 inch / 25.4 mm 1728 2893 1.9%-8.2% 0.7%-3.2% 

V3 Elliptical Crack –
Revised Mesh 2 

1 inch / 25.4 mm 1471 2447 2%-18% 0.7%-4.15% 

V4 Circular Crack (1 
inch/25.4 mm) 

1 inch / 25.4 mm 1584 2555 2.3%-7.2% 1.6%-1.8% 

V5 Circular Crack 
(0.0394 inch/1 
mm) 

0.0394 inch/1 mm 1184 

 

2094 4.3%-7% 2.1%-2.8% 

V6 Circular Crack 
(0.0394 
inch/1 mm) 
Revised Mesh 

0.0394 inch/1 mm 493 977 5.3%-8.6% 2-2.3% 

The results of this study showed that consistently good results with little mesh dependence 
within the confined zone and performance better than the channel example for the global 
variance, as presented in Table 13.  
 
Following this work, shape influences were considered by reducing the elliptical crack to a 
circular crack with sizes varying from 1 inch (25.4 mm) to 0.0394 inch (1 mm) and various 
levels of mesh refinement. Figure 36 (Model V4), Figure 37 (Model V5), and Figure 38 
(Model V6) graphically present these variations while Table 13 again presents the results.  
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Figure 36. One inch circular crack in plate variation to comparison model (Model V4) 

 

 
Figure 37. One millimetre circular crack in plate variation to comparison model (Model V5) 
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Figure 38. One millimetre circular crack in plate variation to comparison model, reduced mesh 

(Model V6) 

 
Again all these models showed exceptional results and did not identify a source of the large 
variations seen in the substructure models of a middle tension specimen or the ESRD 
handbook channel crack example. This is despite a range of geometries, element sizes and 
mesh refinement. 
 
C.3.5 Conclusion 

In the end, no confirmed source of these anomalies was identified. Switching to StressCheck 
version 8.0 and quadrupling the number of elements into the range of 15,000 to 20,000 
reduced the impact of the anomalies. Additionally, averaging solutions with symmetrical 
geometry and non-symmetrical meshing further improved the results and consequently the 
solutions presented in the main report appear robust and consistent. 
 
However, these issues show that the increased solution efficiency, through the requirement 
for reduced numbers of elements, claimed by the developer is not as great as implied. This 
statement is supported by the poor performance of their test case, Figure 32, in this 
investigation. Additionally, it leaves other doubts because the solutions did not appear to 
provide consistent results across a range of models, and re-amplifies the importance of model 
and results validation. 
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Appendix D  Results for Circular Crack 

Table 14. Raw extraction results for K1  (MPa √m) about a circular crack of radius 0.08 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.992/0.008 0.996/0.004 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(0.992) 

Mirror 
(0.008) 

Normal 
(0.996) 

Mirror 
(0.004) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.814 6.895 6.807 6.889 6.814 6.891 6.803 6.899 6.809 6.893 6.825 6.900 6.806 6.882 6.784 6.856 6.719 6.802 6.547 6.614 6.190 6.304 6.441 6.454 1.996 1.996 

1 0.027 5.757 5.783 5.750 5.778 5.756 5.780 5.747 5.786 5.752 5.781 5.766 5.787 5.750 5.772 5.731 5.750 5.675 5.704 5.529 5.545 5.223 5.244 3.709 3.705 2.009 2.007 

2 0.054 4.863 4.886 4.857 4.881 4.862 4.883 4.855 4.884 4.859 4.884 4.868 4.889 4.856 4.876 4.840 4.857 4.793 4.818 4.668 4.683 4.384 4.403 3.364 3.368 2.124 2.123 

3 0.081 4.347 4.362 4.342 4.358 4.346 4.360 4.340 4.364 4.343 4.361 4.353 4.365 4.340 4.353 4.326 4.336 4.282 4.301 4.171 4.179 3.904 3.916 3.152 3.151 2.151 2.148 

4 0.108 4.005 4.014 4.001 4.010 4.004 4.012 3.999 4.016 4.002 4.013 4.011 4.017 3.999 4.005 3.986 3.993 3.946 3.957 3.842 3.845 3.586 3.592 3.001 3.000 2.156 2.158 

5 0.135 3.753 3.760 3.749 3.756 3.752 3.758 3.747 3.761 3.750 3.758 3.758 3.762 3.747 3.751 3.734 3.737 3.697 3.705 3.600 3.600 3.351 3.356 2.888 2.887 2.165 2.163 

6 0.162 3.555 3.560 3.552 3.556 3.554 3.558 3.550 3.561 3.552 3.558 3.560 3.562 3.549 3.551 3.537 3.541 3.502 3.508 3.410 3.409 3.168 3.170 2.804 2.803 2.175 2.175 

7 0.189 3.403 3.405 3.400 3.402 3.402 3.403 3.398 3.406 3.401 3.404 3.407 3.407 3.397 3.397 3.386 3.384 3.352 3.355 3.264 3.261 3.026 3.026 2.742 2.734 2.190 2.187 

8 0.216 3.276 3.278 3.273 3.275 3.275 3.276 3.274 3.279 3.274 3.277 3.280 3.280 3.270 3.270 3.259 3.258 3.227 3.230 3.142 3.145 2.908 2.908 2.689 2.687 2.205 2.205 

9 0.243 3.173 3.174 3.170 3.170 3.172 3.172 3.169 3.174 3.171 3.172 3.177 3.175 3.168 3.165 3.157 3.154 3.130 3.128 3.044 3.040 2.813 2.811 2.650 2.649 2.223 2.223 

10 0.270 3.084 3.091 3.081 3.088 3.083 3.090 3.080 3.092 3.082 3.090 3.087 3.093 3.078 3.084 3.068 3.073 3.038 3.047 2.961 2.962 2.731 2.736 2.623 2.623 2.244 2.242 

11 0.297 3.015 3.016 3.012 3.013 3.014 3.014 3.011 3.016 3.013 3.015 3.018 3.018 3.010 3.006 3.000 2.998 2.971 2.973 2.894 2.891 2.669 2.668 2.602 2.600 2.266 2.269 

12 0.324 2.957 2.959 2.954 2.956 2.956 2.958 2.953 2.960 2.955 2.958 2.960 2.961 2.952 2.953 2.942 2.942 2.914 2.918 2.840 2.838 2.617 2.617 2.588 2.586 2.295 2.290 

13 0.351 2.911 2.912 2.908 2.909 2.909 2.910 2.907 2.913 2.909 2.911 2.914 2.914 2.906 2.905 2.897 2.895 2.869 2.872 2.796 2.794 2.577 2.576 2.583 2.580 2.319 2.319 

14 0.378 2.873 2.874 2.871 2.871 2.872 2.873 2.870 2.875 2.872 2.874 2.877 2.876 2.869 2.868 2.860 2.858 2.833 2.836 2.762 2.759 2.546 2.544 2.579 2.577 2.350 2.347 

15 0.405 2.840 2.844 2.838 2.841 2.839 2.845 2.837 2.844 2.839 2.843 2.836 2.846 2.836 2.838 2.827 2.828 2.801 2.805 2.732 2.731 2.519 2.519 2.582 2.581 2.383 2.381 

16 0.432 2.820 2.824 2.818 2.819 2.822 2.820 2.817 2.822 2.819 2.822 2.824 2.824 2.817 2.816 2.808 2.807 2.782 2.784 2.714 2.711 2.504 2.502 2.588 2.590 2.416 2.417 

17 0.459 2.808 2.807 2.806 2.804 2.807 2.808 2.804 2.808 2.807 2.807 2.812 2.809 2.805 2.802 2.796 2.792 2.770 2.770 2.703 2.698 2.495 2.492 0.000 2.603 2.454 2.454 

18 0.486 2.800 2.798 2.798 2.795 2.800 2.795 2.797 2.799 2.800 2.798 2.804 2.800 2.797 2.793 2.789 2.782 2.766 2.762 2.697 2.691 2.492 2.488 2.624 2.621 2.496 2.498 

19 0.514 2.798 2.800 2.796 2.797 2.795 2.799 2.794 2.801 2.795 2.801 2.802 2.803 2.795 2.796 2.786 2.787 2.762 2.765 2.696 2.695 2.492 2.493 2.646 2.645 2.544 2.539 

20 0.541 2.807 2.808 2.805 2.805 2.806 2.807 2.803 2.809 2.806 2.808 2.811 2.810 2.804 2.804 2.796 2.794 2.771 2.773 2.708 2.703 2.505 2.503 2.676 0.000 2.590 2.587 

21 0.568 2.824 2.820 2.820 2.818 2.821 2.822 2.818 2.822 2.821 2.824 2.826 2.823 2.819 2.819 2.811 2.807 2.786 2.786 2.721 2.719 2.522 2.519 2.711 2.705 2.645 2.641 

22 0.595 2.844 2.840 2.842 2.837 2.846 2.839 2.843 2.842 2.843 2.841 2.848 2.843 2.841 2.828 2.833 2.827 2.808 2.805 2.743 2.736 2.548 2.540 2.750 2.747 2.702 2.700 

23 0.622 2.874 2.873 2.872 2.871 2.874 2.873 2.871 2.875 2.874 2.875 2.879 2.877 2.872 2.869 2.863 2.860 2.838 2.838 2.773 2.769 2.576 2.573 2.797 2.795 2.764 2.763 

24 0.649 2.912 2.911 2.910 2.908 2.912 2.910 2.909 2.916 2.912 2.912 2.917 2.914 2.909 2.907 2.901 2.897 2.876 2.875 2.810 2.805 2.614 2.610 2.853 2.852 2.836 2.830 

25 0.676 2.959 2.957 2.958 2.954 2.960 2.956 2.956 2.959 2.959 2.958 2.964 2.960 2.957 2.953 2.948 2.944 2.923 2.921 2.857 2.850 2.661 2.656 2.914 2.911 2.911 2.912 

26 0.703 3.016 3.015 3.014 3.012 3.016 3.014 3.012 3.017 3.016 3.016 3.021 3.018 3.013 3.011 3.004 3.002 2.979 2.979 2.910 2.907 2.716 2.712 2.986 2.983 3.002 2.994 

27 0.730 3.091 3.084 3.090 3.081 3.091 3.083 3.087 3.086 3.091 3.085 3.097 3.087 3.089 3.080 3.079 3.070 3.053 3.047 2.985 2.974 2.788 2.780 3.073 3.067 3.093 3.091 

28 0.757 3.174 3.173 3.172 3.170 3.173 3.176 3.170 3.175 3.173 3.174 3.179 3.176 3.171 3.169 3.161 3.159 3.134 3.135 3.065 3.060 2.866 2.863 3.166 3.161 3.205 3.197 

29 0.784 3.278 3.276 3.277 3.273 3.278 3.275 3.274 3.278 3.277 3.277 3.284 3.279 3.275 3.272 3.265 3.262 3.238 3.239 3.167 3.163 2.965 2.960 3.279 3.274 3.329 3.321 

30 0.811 3.405 3.403 3.404 3.400 3.405 3.402 3.401 3.405 3.404 3.404 3.411 3.406 3.402 3.398 3.391 3.387 3.363 3.362 3.290 3.283 3.085 3.080 3.409 3.410 3.470 3.464 

31 0.838 3.560 3.555 3.559 3.552 3.560 3.558 3.555 3.557 3.562 3.557 3.566 3.559 3.556 3.550 3.549 3.539 3.516 3.512 3.441 3.431 3.231 3.223 3.576 3.565 3.641 3.631 

32 0.865 3.760 3.753 3.759 3.749 3.759 3.752 3.755 3.755 3.758 3.754 3.766 3.756 3.756 3.747 3.744 3.736 3.713 3.707 3.635 3.622 3.418 3.407 3.773 3.760 3.846 3.840 

33 0.892 4.014 4.005 4.013 4.001 4.014 4.004 4.009 4.008 4.013 4.007 4.021 4.009 4.010 4.000 3.998 3.987 3.965 3.957 3.882 3.867 3.656 3.643 4.025 4.008 4.112 4.088 

34 0.919 4.362 4.347 4.362 4.342 4.362 4.345 4.356 4.349 4.365 4.348 4.369 4.350 4.358 4.341 4.344 4.327 4.309 4.294 4.221 4.198 3.981 3.961 4.360 4.336 4.450 4.429 

35 0.946 4.886 4.863 4.885 4.857 4.885 4.860 4.879 4.865 4.883 4.864 4.893 4.866 4.881 4.856 4.866 4.841 4.826 4.804 4.729 4.698 4.467 4.439 4.836 4.787 4.945 4.910 

36 0.973 5.783 5.757 5.783 5.750 5.783 5.754 5.775 5.760 5.780 5.758 5.793 5.761 5.778 5.749 5.760 5.732 5.713 5.688 5.601 5.564 5.300 5.267 5.873 5.807 5.803 5.738 

37 1.000 6.895 6.814 6.895 6.807 6.895 6.811 6.885 6.819 6.891 6.817 6.906 6.820 6.889 6.805 6.868 6.786 6.813 6.734 6.682 6.590 6.334 6.249 6.224 6.126 5.953 5.949 
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Table 15. Raw extraction results for K1  (MPa √m) about a circular crack of radius 0.10 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.99/0.01 0.995/0.005 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(0.99) 

Mirror 
(0.01) 

Normal 
(0.995) 

Mirror 
(0.005) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.819 6.904 6.817 6.899 6.822 6.900 6.815 6.900 6.823 6.905 6.821 6.910 6.812 6.893 6.790 6.864 6.723 6.808 6.545 6.626 6.289 6.402 0.000 0.000 2.026 2.033 

1 0.027 5.761 5.791 5.759 5.787 5.763 5.788 5.757 5.787 5.764 5.792 5.763 5.795 5.754 5.781 5.735 5.757 5.678 5.709 5.527 5.555 5.305 5.328 3.772 3.766 2.039 2.044 

2 0.054 4.866 4.892 4.865 4.889 4.868 4.889 4.863 4.889 4.868 4.893 4.868 4.895 4.860 4.884 4.844 4.863 4.795 4.822 4.666 4.690 4.454 4.473 3.421 3.423 2.156 2.167 

3 0.081 4.350 4.368 4.349 4.365 4.351 4.366 4.347 4.365 4.352 4.368 4.351 4.370 4.344 4.361 4.330 4.342 4.285 4.305 4.169 4.186 3.966 3.978 3.205 3.202 2.182 2.187 

4 0.108 4.009 4.020 4.007 4.017 4.010 4.017 4.006 4.017 4.010 4.020 4.009 4.021 4.003 4.012 3.989 3.995 3.948 3.963 3.840 3.850 3.643 3.649 3.051 3.048 2.187 2.197 

5 0.135 3.756 3.765 3.755 3.762 3.762 3.763 3.753 3.762 3.757 3.765 3.757 3.766 3.751 3.758 3.743 3.741 3.699 3.709 3.598 3.605 3.405 3.409 2.937 2.934 2.196 2.203 

6 0.162 3.559 3.565 3.557 3.565 3.559 3.563 3.556 3.562 3.559 3.565 3.559 3.566 3.553 3.562 3.541 3.543 3.504 3.512 3.408 3.413 3.218 3.220 2.851 2.849 2.207 2.214 

7 0.189 3.407 3.410 3.405 3.407 3.406 3.408 3.403 3.407 3.407 3.410 3.407 3.411 3.401 3.403 3.389 3.395 3.354 3.359 3.262 3.265 3.074 3.074 2.788 2.778 2.220 2.227 

8 0.216 3.280 3.283 3.278 3.280 3.280 3.287 3.277 3.280 3.280 3.283 3.280 3.283 3.274 3.277 3.263 3.263 3.229 3.234 3.141 3.144 2.955 2.960 2.734 2.730 2.237 2.245 

9 0.243 3.177 3.178 3.175 3.176 3.177 3.176 3.174 3.176 3.181 3.178 3.177 3.179 3.176 3.172 3.161 3.159 3.128 3.131 3.043 3.044 2.858 2.856 2.694 2.691 2.254 2.263 

10 0.270 3.088 3.096 3.086 3.093 3.087 3.094 3.085 3.093 3.087 3.096 3.088 3.097 3.082 3.090 3.072 3.077 3.040 3.051 2.959 2.966 2.775 2.780 2.667 2.665 2.276 2.283 

11 0.297 3.019 3.020 3.017 3.018 3.018 3.019 3.016 3.018 3.018 3.020 3.019 3.021 3.014 3.015 3.004 3.003 2.973 2.977 2.894 2.895 2.712 2.711 2.644 2.642 2.298 2.308 

12 0.324 2.961 2.963 2.959 2.961 2.960 2.962 2.958 2.962 2.960 2.964 2.961 2.964 2.956 2.959 2.947 2.947 2.917 2.921 2.840 2.842 2.659 2.659 2.630 2.627 2.326 2.331 

13 0.351 2.914 2.916 2.913 2.914 2.914 2.915 2.912 2.915 2.914 2.917 2.915 2.917 2.910 2.912 2.901 2.900 2.871 2.876 2.797 2.799 2.618 2.617 2.625 2.621 2.352 2.360 

14 0.378 2.877 2.879 2.876 2.876 2.877 2.877 2.875 2.877 2.877 2.879 2.878 2.880 2.873 2.874 2.864 2.863 2.836 2.839 2.763 2.764 2.586 2.585 2.621 2.618 2.383 2.389 

15 0.405 2.844 2.848 2.842 2.846 2.844 2.847 2.842 2.846 2.844 2.849 2.845 2.849 2.840 2.844 2.823 2.833 2.804 2.810 2.733 2.736 2.559 2.559 2.624 2.621 2.416 2.423 

16 0.432 2.825 2.826 2.823 2.824 2.824 2.825 2.822 2.825 2.825 2.827 2.825 2.827 2.821 2.823 2.812 2.812 2.785 2.789 2.716 2.717 2.543 2.542 2.630 2.631 2.450 2.460 

17 0.459 2.812 2.811 2.810 2.809 2.811 2.810 2.809 2.810 2.812 2.812 2.812 2.813 2.809 2.808 2.800 2.798 2.773 2.775 2.705 2.704 2.535 2.532 0.000 2.643 2.488 2.497 

18 0.486 2.804 2.802 2.803 2.798 2.804 2.801 2.802 2.801 2.805 2.803 2.805 2.802 2.804 2.799 2.793 2.789 2.766 2.767 2.700 2.697 2.531 2.527 2.666 2.661 2.530 2.541 

19 0.514 2.802 2.804 2.800 2.803 2.802 2.804 2.800 2.804 2.802 2.806 2.803 2.807 2.797 2.802 2.791 2.792 2.765 2.773 2.699 2.701 2.532 2.532 2.688 2.686 2.579 2.583 

20 0.541 2.811 2.812 2.809 2.810 2.811 2.812 2.809 2.812 2.811 2.814 2.812 2.814 2.808 2.810 2.802 2.800 2.774 2.778 2.709 2.709 2.544 2.543 2.718 0.000 2.626 2.632 

21 0.568 2.826 2.825 2.824 2.823 2.826 2.826 2.824 2.824 2.826 2.826 2.827 2.827 2.823 2.823 2.815 2.813 2.789 2.791 2.724 2.723 2.561 2.558 2.754 2.746 2.681 2.687 

22 0.595 2.848 2.844 2.846 2.843 2.848 2.844 2.848 2.844 2.848 2.838 2.852 2.839 2.846 2.843 2.837 2.833 2.811 2.811 2.746 2.743 2.585 2.580 2.793 2.789 2.739 2.747 

23 0.622 2.879 2.877 2.876 2.876 2.878 2.877 2.876 2.877 2.879 2.880 2.880 2.880 2.876 2.876 2.868 2.866 2.842 2.844 2.777 2.776 2.616 2.613 2.841 2.837 2.802 2.811 

24 0.649 2.916 2.914 2.914 2.913 2.916 2.914 2.914 2.914 2.917 2.917 2.918 2.917 2.914 2.913 2.906 2.903 2.879 2.881 2.814 2.813 2.655 2.651 2.897 2.895 2.874 2.881 

25 0.676 2.963 2.961 2.961 2.959 2.963 2.961 2.961 2.960 2.964 2.963 2.965 2.964 2.961 2.959 2.953 2.949 2.926 2.927 2.861 2.858 2.701 2.697 2.959 2.954 2.950 2.962 

26 0.703 3.020 3.019 3.018 3.017 3.020 3.019 3.018 3.019 3.021 3.021 3.022 3.022 3.018 3.018 3.009 3.007 2.982 2.985 2.916 2.915 2.757 2.754 3.032 3.027 3.042 3.045 

27 0.730 3.096 3.088 3.094 3.086 3.095 3.090 3.093 3.088 3.095 3.090 3.097 3.091 3.093 3.086 3.084 3.076 3.057 3.053 2.990 2.983 2.830 2.821 3.120 3.113 3.134 3.144 

28 0.757 3.178 3.177 3.176 3.176 3.178 3.177 3.175 3.181 3.178 3.180 3.179 3.180 3.176 3.176 3.166 3.165 3.138 3.141 3.070 3.070 2.909 2.906 3.214 3.208 3.247 3.252 

29 0.784 3.283 3.280 3.280 3.279 3.282 3.280 3.280 3.280 3.282 3.283 3.284 3.283 3.280 3.279 3.270 3.268 3.242 3.243 3.172 3.170 3.009 3.005 3.329 3.322 3.372 3.378 

30 0.811 3.410 3.407 3.407 3.406 3.409 3.407 3.406 3.406 3.409 3.410 3.411 3.410 3.407 3.406 3.397 3.394 3.373 3.369 3.296 3.294 3.131 3.126 3.460 3.460 3.515 3.523 

31 0.838 3.565 3.559 3.562 3.558 3.564 3.559 3.561 3.559 3.564 3.562 3.565 3.562 3.561 3.557 3.551 3.546 3.520 3.520 3.447 3.445 3.278 3.271 3.629 3.617 3.689 3.693 

32 0.865 3.765 3.756 3.761 3.755 3.764 3.757 3.761 3.757 3.763 3.765 3.765 3.760 3.761 3.760 3.750 3.743 3.718 3.715 3.642 3.634 3.468 3.458 3.828 3.815 3.896 3.900 

33 0.892 4.020 4.009 4.016 4.008 4.019 4.009 4.015 4.009 4.018 4.012 4.020 4.012 4.015 4.007 4.003 3.994 3.970 3.965 3.890 3.880 3.709 3.697 4.084 4.066 4.165 4.162 

34 0.919 4.368 4.350 4.364 4.349 4.367 4.351 4.363 4.351 4.366 4.354 4.368 4.354 4.363 4.349 4.350 4.335 4.315 4.304 4.229 4.212 4.037 4.020 4.424 4.398 4.507 4.505 

35 0.946 4.892 4.866 4.887 4.865 4.891 4.867 4.886 4.867 4.889 4.870 4.892 4.870 4.886 4.865 4.872 4.850 4.833 4.815 4.739 4.714 4.531 4.505 4.906 4.855 5.008 4.992 

36 0.973 5.791 5.761 5.784 5.760 5.789 5.762 5.783 5.761 5.786 5.766 5.790 5.766 5.784 5.759 5.767 5.742 5.722 5.702 5.613 5.584 5.374 5.345 5.957 5.890 5.877 5.834 

37 1.000 6.904 6.819 6.896 6.818 6.903 6.821 6.894 6.820 6.898 6.825 6.903 6.825 6.896 6.818 6.877 6.797 6.824 6.751 6.697 6.613 6.422 6.341 6.313 6.213 6.028 6.049 
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Table 16. Raw extraction results for K1  (MPa √m) about a circular crack of radius 0.20 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.98/0.02 0.99/0.01 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(0.98) 

Mirror 
(0.02) 

Normal 
(0.99) 

Mirror 
(0.01) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.845 6.927 6.836 6.912 6.847 6.926 6.841 6.927 9.653 6.931 6.850 6.927 6.831 6.909 6.804 6.890 6.727 6.819 6.537 6.631 6.597 6.717 0.000 0.000 2.158 2.157 

1 0.027 5.783 5.810 5.776 5.798 5.784 5.809 5.780 5.810 5.321 5.813 5.787 5.810 5.771 5.794 5.747 5.778 5.682 5.718 5.518 5.556 5.567 5.592 3.986 3.978 2.171 2.169 

2 0.054 4.886 4.909 4.880 4.899 4.887 4.908 4.883 4.909 4.884 4.912 4.889 4.909 4.875 4.895 4.854 4.881 4.799 4.829 4.657 4.689 4.675 4.697 3.616 3.616 2.294 2.293 

3 0.081 4.369 4.385 4.364 4.376 4.369 4.383 4.366 4.384 4.367 4.386 4.371 4.383 4.358 4.372 4.339 4.358 4.289 4.311 4.162 4.183 4.165 4.179 3.387 3.382 2.321 2.317 

4 0.108 4.027 4.036 4.022 4.028 4.027 4.035 4.024 4.035 4.025 4.037 4.028 4.034 4.016 4.023 3.998 4.010 3.952 3.966 3.833 3.851 3.827 3.835 3.224 3.219 2.325 2.327 

5 0.135 3.774 3.781 3.770 3.774 3.774 3.779 3.771 3.780 3.772 3.781 3.775 3.779 3.763 3.769 3.747 3.756 3.704 3.715 3.591 3.603 3.579 3.584 3.103 3.098 2.334 2.332 

6 0.162 3.576 3.581 3.572 3.574 3.576 3.579 3.573 3.580 3.574 3.581 3.577 3.579 3.566 3.569 3.550 3.557 3.509 3.518 3.403 3.411 3.383 3.386 3.011 3.007 2.345 2.343 

7 0.189 3.424 3.426 3.420 3.419 3.424 3.424 3.421 3.425 3.422 3.426 3.424 3.424 3.414 3.415 3.399 3.403 3.360 3.365 3.258 3.264 3.233 3.233 2.944 2.932 2.359 2.356 

8 0.216 3.297 3.299 3.293 3.293 3.296 3.297 3.294 3.298 3.295 3.299 3.297 3.297 3.287 3.288 3.273 3.277 3.236 3.241 3.141 3.144 3.107 3.107 2.887 2.881 2.375 2.375 

9 0.243 3.194 3.194 3.190 3.188 3.193 3.193 3.191 3.193 3.192 3.194 3.194 3.192 3.184 3.184 3.171 3.173 3.135 3.139 3.042 3.046 3.006 3.005 2.845 2.840 2.393 2.393 

10 0.270 3.105 3.112 3.101 3.106 3.104 3.111 3.102 3.111 3.103 3.112 3.105 3.110 3.096 3.102 3.083 3.092 3.049 3.059 2.959 2.969 2.919 2.924 2.815 2.811 2.415 2.413 

11 0.297 3.036 3.037 3.034 3.031 3.035 3.035 3.033 3.036 3.034 3.034 3.036 3.035 3.027 3.027 3.015 3.018 2.982 2.986 2.896 2.900 2.852 2.852 2.791 2.786 2.438 2.440 

12 0.324 2.978 2.980 2.974 2.975 2.977 2.979 2.975 2.979 2.976 2.981 2.978 2.979 2.970 2.971 2.957 2.964 2.926 2.931 2.843 2.848 2.797 2.797 2.775 2.770 2.467 2.462 

13 0.351 2.932 2.933 2.929 2.928 2.931 2.932 2.929 2.932 2.931 2.933 2.932 2.932 2.924 2.925 2.912 2.916 2.886 2.886 2.802 2.806 2.754 2.753 2.770 2.763 2.493 2.492 

14 0.378 2.895 2.895 2.893 2.890 2.894 2.894 2.893 2.894 2.894 2.896 2.895 2.894 2.888 2.887 2.876 2.879 2.847 2.850 2.770 2.773 2.721 2.718 2.765 2.759 2.525 2.522 

15 0.405 2.861 2.865 2.858 2.860 2.861 2.864 2.860 2.864 2.861 2.865 2.862 2.864 2.855 2.858 2.844 2.849 2.815 2.821 2.741 2.747 2.690 2.691 2.767 2.761 2.559 2.558 

16 0.432 2.842 2.843 2.839 2.838 2.841 2.842 2.840 2.842 2.841 2.844 2.843 2.842 2.836 2.836 2.825 2.828 2.798 2.801 2.725 2.728 2.676 2.673 2.772 2.771 2.594 2.595 

17 0.459 2.829 2.828 2.826 2.823 2.828 2.827 2.828 2.827 2.829 2.829 2.830 2.828 2.823 2.822 2.813 2.814 2.787 2.787 2.716 2.717 2.664 2.661 0.000 2.783 2.634 2.631 

18 0.486 2.822 2.819 2.819 2.814 2.821 2.818 2.820 2.818 2.822 2.820 2.823 2.819 2.817 2.813 2.807 2.806 2.780 2.780 2.712 2.711 2.659 2.655 2.809 2.802 2.678 2.679 

19 0.514 2.819 2.822 2.816 2.817 2.818 2.824 2.818 2.821 2.819 2.823 2.819 2.822 2.814 2.816 2.805 2.809 2.779 2.783 2.712 2.716 2.660 2.660 2.832 2.827 2.728 2.723 

20 0.541 2.828 2.829 2.825 2.824 2.827 2.828 2.827 2.828 2.829 2.831 2.830 2.829 2.824 2.824 2.814 2.817 2.789 2.792 2.723 2.726 2.671 2.670 2.862 0.000 2.775 2.774 

21 0.568 2.843 2.842 2.840 2.837 2.842 2.841 2.842 2.841 2.844 2.844 2.845 2.843 2.839 2.837 2.830 2.830 2.804 2.805 2.740 2.741 2.689 2.686 2.890 2.888 2.834 2.832 

22 0.595 2.865 2.861 2.862 2.856 2.864 2.861 2.864 2.861 2.866 2.863 2.868 2.862 2.861 2.849 2.852 2.850 2.827 2.826 2.763 2.762 2.712 2.707 2.944 2.932 2.895 2.893 

23 0.622 2.895 2.895 2.892 2.890 2.895 2.894 2.894 2.894 2.896 2.897 2.898 2.896 2.892 2.891 2.883 2.884 2.858 2.859 2.795 2.796 2.745 2.742 2.989 2.982 2.960 2.959 

24 0.649 2.933 2.932 2.930 2.926 2.932 2.931 2.932 2.931 2.934 2.934 2.936 2.937 2.929 2.928 2.920 2.921 2.896 2.896 2.833 2.834 2.784 2.780 3.047 3.041 3.035 3.032 

25 0.676 2.980 2.978 2.977 2.972 2.979 2.977 2.981 2.977 2.981 2.980 2.983 2.979 2.977 2.974 2.968 2.967 2.943 2.943 2.881 2.880 2.832 2.828 3.111 3.102 3.115 3.116 

26 0.703 3.037 3.036 3.034 3.030 3.036 3.035 3.036 3.035 3.038 3.038 3.040 3.037 3.033 3.032 3.024 3.025 2.999 3.001 2.937 2.939 2.889 2.886 3.187 3.178 3.211 3.202 

27 0.730 3.112 3.105 3.109 3.099 3.111 3.104 3.111 3.104 3.114 3.107 3.115 3.106 3.109 3.101 3.100 3.094 3.074 3.069 3.012 3.007 2.964 2.955 3.278 3.266 3.307 3.304 

28 0.757 3.194 3.194 3.191 3.188 3.193 3.194 3.193 3.193 3.196 3.196 3.198 3.195 3.191 3.190 3.181 3.183 3.156 3.158 3.094 3.096 3.046 3.044 3.376 3.364 3.424 3.417 

29 0.784 3.299 3.297 3.295 3.291 3.297 3.297 3.298 3.296 3.300 3.299 3.302 3.298 3.295 3.293 3.285 3.286 3.259 3.260 3.197 3.197 3.150 3.146 3.495 3.483 3.556 3.548 

30 0.811 3.426 3.424 3.422 3.417 3.430 3.424 3.424 3.423 3.427 3.426 3.429 3.425 3.421 3.419 3.412 3.412 3.386 3.386 3.322 3.323 3.275 3.271 3.632 3.625 3.705 3.699 

31 0.838 3.581 3.576 3.577 3.569 3.578 3.576 3.579 3.575 3.582 3.579 3.584 3.577 3.576 3.575 3.566 3.564 3.539 3.538 3.474 3.473 3.427 3.421 3.807 3.788 3.886 3.876 

32 0.865 3.781 3.774 3.776 3.766 3.778 3.773 3.779 3.773 3.782 3.776 3.784 3.774 3.775 3.769 3.766 3.761 3.737 3.734 3.671 3.668 3.624 3.615 4.015 3.992 4.103 4.093 

33 0.892 4.036 4.027 4.034 4.018 4.032 4.026 4.033 4.025 4.037 4.029 4.039 4.027 4.030 4.021 4.020 4.013 3.990 3.985 3.922 3.916 3.873 3.863 4.281 4.253 4.384 4.361 

34 0.919 4.385 4.369 4.379 4.359 4.379 4.368 4.381 4.367 4.386 4.371 4.387 4.369 4.378 4.363 4.368 4.355 4.336 4.325 4.264 4.253 4.214 4.197 4.635 4.597 4.742 4.722 

35 0.946 4.909 4.886 4.903 4.874 4.902 4.885 4.905 4.884 4.911 4.889 4.912 4.886 4.901 4.879 4.891 4.870 4.857 4.838 4.778 4.761 4.726 4.701 5.138 5.072 5.268 5.232 

36 0.973 5.810 5.783 5.803 5.768 5.800 5.782 5.805 5.780 5.812 5.786 5.813 5.783 5.800 5.776 5.789 5.765 5.750 5.729 5.661 5.641 5.603 5.575 6.236 6.148 6.178 6.112 

37 1.000 6.927 6.845 6.918 6.826 6.914 6.844 6.920 6.842 6.929 6.850 6.931 6.846 6.915 6.837 6.904 6.825 6.858 6.785 6.756 6.684 6.691 6.610 6.607 6.484 6.337 6.336 
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Table 17. Raw extraction results for K1  (MPa √m) about a circular crack of radius 0.30 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.97/0.03 0.985/0.015 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(0.97) 

Mirror 
(0.03) 

Normal 
(0.985) 

Mirror 
(0.015) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.856 6.938 6.854 6.939 6.855 6.932 6.846 6.934 6.859 6.937 6.859 6.937 6.844 6.931 6.806 6.902 6.753 6.833 6.606 6.683 6.780 6.909 0.000 0.000 2.241 2.238 

1 0.027 5.793 5.820 5.791 5.821 5.792 5.815 5.785 5.818 5.795 5.819 5.795 5.819 5.782 5.813 5.749 5.788 5.703 5.729 5.570 5.595 5.723 5.753 4.120 4.117 2.254 2.250 

2 0.054 4.896 4.919 4.894 4.920 4.895 4.915 4.890 4.917 4.896 4.918 4.897 4.918 4.884 4.912 4.858 4.890 4.815 4.838 4.696 4.718 4.808 4.834 3.737 3.741 2.381 2.377 

3 0.081 4.379 4.395 4.377 4.395 4.378 4.390 4.374 4.393 4.379 4.393 4.379 4.393 4.367 4.387 4.344 4.366 4.304 4.319 4.193 4.207 4.286 4.302 3.499 3.499 2.407 2.401 

4 0.108 4.037 4.046 4.035 4.046 4.036 4.042 4.033 4.044 4.036 4.044 4.036 4.044 4.025 4.038 4.004 4.019 3.965 3.974 3.860 3.868 3.939 3.949 3.331 3.330 2.410 2.410 

5 0.135 3.785 3.792 3.783 3.791 3.783 3.787 3.781 3.790 3.783 3.789 3.783 3.789 3.772 3.783 3.758 3.765 3.716 3.723 3.615 3.621 3.684 3.692 3.205 3.204 2.419 2.415 

6 0.162 3.587 3.592 3.585 3.591 3.585 3.588 3.584 3.590 3.586 3.589 3.586 3.589 3.575 3.583 3.557 3.566 3.521 3.526 3.425 3.429 3.484 3.489 3.110 3.110 2.429 2.426 

7 0.189 3.436 3.437 3.433 3.437 3.434 3.433 3.432 3.435 3.434 3.435 3.434 3.434 3.423 3.429 3.406 3.412 3.372 3.374 3.280 3.281 3.330 3.332 3.041 3.033 2.443 2.442 

8 0.216 3.309 3.311 3.307 3.310 3.307 3.307 3.306 3.309 3.307 3.308 3.307 3.308 3.297 3.302 3.281 3.286 3.248 3.250 3.161 3.161 3.201 3.203 2.981 2.979 2.459 2.456 

9 0.243 3.206 3.207 3.204 3.206 3.204 3.203 3.204 3.205 3.204 3.204 3.204 3.204 3.195 3.198 3.179 3.183 3.147 3.148 3.065 3.064 3.097 3.098 2.937 2.936 2.477 2.475 

10 0.270 3.117 3.125 3.115 3.124 3.115 3.121 3.115 3.123 3.115 3.123 3.115 3.122 3.106 3.117 3.092 3.102 3.061 3.069 2.982 2.988 3.008 3.015 2.906 2.906 2.499 2.494 

11 0.297 3.049 3.050 3.046 3.049 3.047 3.046 3.046 3.048 3.047 3.048 3.047 3.047 3.038 3.042 3.024 3.028 2.995 2.996 2.920 2.919 2.939 2.940 2.880 2.879 2.522 2.522 

12 0.324 2.991 2.993 2.988 2.992 2.989 2.989 2.989 2.992 2.989 2.991 2.989 2.991 2.981 2.986 2.968 2.973 2.940 2.943 2.868 2.869 2.882 2.884 2.863 2.862 2.551 2.540 

13 0.351 2.945 2.946 2.943 2.945 2.943 2.943 2.943 2.945 2.943 2.945 2.944 2.944 2.935 2.940 2.923 2.927 2.896 2.898 2.827 2.827 2.837 2.838 2.857 2.854 2.577 2.574 

14 0.378 2.908 2.908 2.906 2.908 2.906 2.905 2.906 2.907 2.907 2.907 2.907 2.907 2.899 2.903 2.888 2.891 2.862 2.863 2.795 2.795 2.802 2.802 2.851 2.849 2.610 2.604 

15 0.405 2.875 2.878 2.873 2.877 2.873 2.875 2.873 2.877 2.874 2.877 2.875 2.877 2.867 2.873 2.856 2.861 2.831 2.835 2.767 2.769 2.771 2.774 2.852 2.851 2.644 2.640 

16 0.432 2.855 2.856 2.853 2.856 2.854 2.853 2.854 2.856 2.855 2.856 2.855 2.856 2.848 2.852 2.837 2.841 2.813 2.815 2.752 2.752 2.753 2.754 2.857 2.860 2.680 2.678 

17 0.459 2.842 2.842 2.840 2.841 2.841 2.839 2.841 2.841 2.842 2.841 2.843 2.842 2.836 2.840 2.825 2.827 2.802 2.802 2.743 2.741 2.743 2.741 0.000 2.873 2.720 2.717 

18 0.486 2.835 2.833 2.833 2.832 2.834 2.830 2.834 2.832 2.835 2.833 2.836 2.833 2.829 2.829 2.819 2.819 2.797 2.795 2.740 2.736 2.738 2.735 2.893 2.891 2.764 2.764 

19 0.514 2.833 2.835 2.831 2.835 2.831 2.832 2.832 2.835 2.833 2.835 2.834 2.836 2.827 2.832 2.818 2.822 2.796 2.799 2.741 2.742 2.738 2.740 2.916 2.916 2.816 2.808 

20 0.541 2.842 2.842 2.842 2.842 2.840 2.840 2.841 2.842 2.842 2.843 2.843 2.844 2.836 2.840 2.827 2.830 2.806 2.807 2.753 2.752 2.749 2.749 2.947 0.000 2.865 2.859 

21 0.568 2.856 2.855 2.855 2.855 2.855 2.853 2.856 2.855 2.857 2.856 2.858 2.857 2.851 2.853 2.843 2.844 2.822 2.821 2.770 2.768 2.766 2.764 2.983 2.977 2.923 2.916 

22 0.595 2.878 2.875 2.876 2.874 2.877 2.872 2.881 2.875 2.879 2.876 2.880 2.877 2.874 2.873 2.865 2.864 2.845 2.842 2.794 2.790 2.789 2.786 3.025 3.022 2.985 2.980 

23 0.622 2.908 2.908 2.907 2.908 2.908 2.905 2.908 2.908 2.909 2.909 2.912 2.910 2.904 2.907 2.896 2.897 2.876 2.876 2.827 2.825 2.821 2.820 3.074 3.073 3.051 3.048 

24 0.649 2.946 2.945 2.944 2.944 2.945 2.946 2.946 2.945 2.947 2.946 2.949 2.947 2.942 2.944 2.934 2.934 2.914 2.913 2.866 2.863 2.861 2.859 3.133 3.133 3.127 3.121 

25 0.676 2.993 2.991 2.991 2.990 2.992 2.988 2.993 2.991 2.994 2.992 2.996 2.994 2.989 2.990 2.981 2.981 2.962 2.959 2.915 2.911 2.909 2.906 3.197 3.195 3.208 3.207 

26 0.703 3.050 3.049 3.048 3.048 3.049 3.046 3.050 3.049 3.051 3.050 3.052 3.051 3.045 3.048 3.037 3.039 3.019 3.017 2.972 2.970 2.967 2.965 3.275 3.272 3.306 3.295 

27 0.730 3.125 3.117 3.123 3.117 3.124 3.115 3.125 3.118 3.126 3.119 3.128 3.120 3.121 3.117 3.113 3.107 3.094 3.086 3.048 3.039 3.043 3.035 3.367 3.362 3.404 3.399 

28 0.757 3.207 3.206 3.205 3.206 3.205 3.203 3.207 3.207 3.208 3.208 3.210 3.209 3.202 3.206 3.194 3.196 3.176 3.175 3.131 3.129 3.126 3.125 3.466 3.462 3.523 3.513 

29 0.784 3.311 3.309 3.309 3.309 3.310 3.306 3.311 3.309 3.312 3.310 3.314 3.312 3.306 3.308 3.298 3.299 3.280 3.277 3.235 3.232 3.230 3.228 3.587 3.583 3.657 3.647 

30 0.811 3.437 3.436 3.435 3.435 3.436 3.433 3.437 3.436 3.439 3.437 3.440 3.438 3.433 3.435 3.425 3.426 3.406 3.404 3.362 3.359 3.358 3.355 3.726 3.728 3.809 3.801 

31 0.838 3.592 3.587 3.590 3.587 3.590 3.584 3.592 3.588 3.593 3.589 3.595 3.590 3.587 3.587 3.579 3.577 3.561 3.555 3.516 3.510 3.512 3.506 3.905 3.894 3.994 3.981 

32 0.865 3.792 3.785 3.789 3.785 3.790 3.781 3.791 3.785 3.793 3.786 3.795 3.788 3.787 3.785 3.778 3.775 3.760 3.751 3.715 3.707 3.711 3.703 4.116 4.103 4.216 4.202 

33 0.892 4.046 4.037 4.044 4.037 4.044 4.033 4.046 4.037 4.047 4.039 4.049 4.040 4.041 4.043 4.033 4.027 4.014 4.002 3.968 3.958 3.965 3.954 4.387 4.370 4.503 4.476 

34 0.919 4.395 4.379 4.392 4.379 4.392 4.375 4.394 4.379 4.396 4.381 4.398 4.382 4.389 4.379 4.381 4.369 4.361 4.342 4.315 4.297 4.312 4.293 4.748 4.722 4.869 4.845 

35 0.946 4.919 4.896 4.917 4.896 4.916 4.891 4.919 4.896 4.921 4.898 4.923 4.900 4.913 4.896 4.901 4.886 4.884 4.855 4.835 4.810 4.833 4.806 5.261 5.209 5.406 5.367 

36 0.973 5.820 5.793 5.817 5.793 5.816 5.788 5.819 5.793 5.822 5.796 5.825 5.799 5.814 5.795 5.804 5.783 5.782 5.747 5.727 5.699 5.726 5.694 6.383 6.313 6.338 6.267 

37 1.000 6.938 6.856 6.934 6.856 6.932 6.850 6.937 6.856 6.940 6.859 6.943 6.863 6.931 6.859 6.920 6.847 6.897 6.804 6.836 6.753 6.835 6.747 6.766 6.655 6.500 6.496 
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Table 18. Raw extraction results for K1  (MPa √m) about a circular crack of radius 0.50 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.975/0.025 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(0.975) 

Mirror 
(0.025) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.880 6.958 6.874 6.962 6.878 6.959 6.880 6.967 6.881 6.962 6.883 6.961 6.874 6.957 6.850 6.939 6.808 6.885 7.009 7.148 0.000 0.000 2.364 2.362 

1 0.027 5.815 5.839 5.810 5.842 5.814 5.840 5.815 5.846 5.815 5.842 5.816 5.840 5.807 5.836 5.786 5.819 5.747 5.769 5.919 5.956 4.314 4.308 2.377 2.372 

2 0.054 4.916 4.938 4.913 4.940 4.915 4.938 4.916 4.943 4.915 4.939 4.916 4.937 4.907 4.932 4.888 4.916 4.851 4.871 4.977 5.008 3.912 3.915 2.508 2.504 

3 0.081 4.399 4.414 4.396 4.415 4.398 4.413 4.399 4.417 4.398 4.414 4.398 4.412 4.389 4.406 4.371 4.391 4.335 4.348 4.439 4.460 3.663 3.660 2.533 2.527 

4 0.108 4.058 4.066 4.055 4.067 4.056 4.065 4.057 4.068 4.056 4.066 4.056 4.063 4.047 4.057 4.029 4.042 3.995 4.001 4.084 4.097 3.486 3.483 2.535 2.535 

5 0.135 3.806 3.812 3.803 3.813 3.804 3.811 3.805 3.814 3.803 3.811 3.803 3.809 3.795 3.802 3.777 3.788 3.744 3.748 3.822 3.833 3.354 3.351 2.543 2.539 

6 0.162 3.609 3.613 3.606 3.614 3.608 3.612 3.608 3.615 3.606 3.612 3.606 3.609 3.598 3.603 3.581 3.589 3.549 3.551 3.616 3.624 3.254 3.252 2.552 2.549 

7 0.189 3.458 3.459 3.455 3.460 3.456 3.458 3.457 3.460 3.455 3.458 3.455 3.455 3.446 3.449 3.431 3.436 3.400 3.399 3.457 3.462 3.180 3.170 2.566 2.560 

8 0.216 3.332 3.333 3.329 3.333 3.330 3.332 3.333 3.334 3.329 3.332 3.328 3.329 3.321 3.323 3.305 3.310 3.277 3.276 3.325 3.330 3.117 3.113 2.581 2.578 

9 0.243 3.230 3.230 3.227 3.230 3.228 3.228 3.228 3.230 3.227 3.229 3.227 3.226 3.219 3.220 3.205 3.208 3.177 3.175 3.217 3.221 3.069 3.066 2.598 2.596 

10 0.270 3.141 3.148 3.139 3.149 3.140 3.147 3.140 3.149 3.138 3.147 3.138 3.145 3.131 3.140 3.118 3.128 3.092 3.097 3.125 3.135 3.036 3.034 2.620 2.615 

11 0.297 3.073 3.074 3.071 3.074 3.072 3.072 3.072 3.075 3.071 3.073 3.070 3.071 3.064 3.066 3.051 3.055 3.027 3.025 3.053 3.057 3.008 3.005 2.643 2.643 

12 0.324 3.016 3.018 3.013 3.018 3.014 3.017 3.015 3.019 3.014 3.017 3.013 3.015 3.007 3.010 2.995 3.000 2.973 2.973 2.994 2.999 2.989 2.986 2.672 2.665 

13 0.351 2.970 2.971 2.968 2.971 2.969 2.970 2.969 2.972 2.968 2.971 2.968 2.969 2.962 2.965 2.951 2.955 2.930 2.929 2.947 2.951 2.981 2.976 2.698 2.695 

14 0.378 2.934 2.934 2.931 2.934 2.932 2.933 2.933 2.935 2.932 2.934 2.932 2.933 2.927 2.929 2.916 2.920 2.896 2.895 2.910 2.913 2.973 2.970 2.731 2.725 

15 0.405 2.901 2.907 2.898 2.904 2.900 2.903 2.900 2.905 2.899 2.907 2.900 2.903 2.895 2.899 2.885 2.891 2.867 2.867 2.877 2.883 2.974 2.971 2.765 2.761 

16 0.432 2.881 2.882 2.879 2.882 2.880 2.881 2.881 2.884 2.880 2.883 2.881 2.882 2.876 2.878 2.867 2.871 2.850 2.848 2.858 2.861 2.977 2.979 2.801 2.799 

17 0.459 2.869 2.868 2.867 2.868 2.868 2.867 2.869 2.869 2.868 2.869 2.869 2.868 2.864 2.864 2.856 2.858 2.839 2.836 2.846 2.847 0.000 2.990 2.841 2.838 

18 0.486 2.861 2.859 2.859 2.859 2.861 2.858 2.862 2.861 2.861 2.860 2.862 2.860 2.858 2.856 2.853 2.848 2.835 2.830 2.840 2.839 3.012 3.008 2.886 2.886 

19 0.514 2.859 2.861 2.857 2.862 2.858 2.861 2.860 2.863 2.859 2.863 2.860 2.863 2.856 2.859 2.849 2.854 2.834 2.834 2.838 2.843 3.034 3.033 2.939 2.929 

20 0.541 2.868 2.869 2.866 2.869 2.867 2.868 2.869 2.871 2.868 2.871 2.870 2.870 2.866 2.867 2.859 2.862 2.845 2.843 2.849 2.852 3.064 0.000 2.988 2.982 

21 0.568 2.882 2.881 2.880 2.882 2.882 2.881 2.883 2.884 2.883 2.883 2.885 2.883 2.881 2.880 2.874 2.876 2.861 2.858 2.865 2.866 3.101 3.093 3.047 3.039 

22 0.595 2.907 2.901 2.902 2.901 2.904 2.900 2.905 2.903 2.905 2.903 2.907 2.903 2.903 2.900 2.897 2.896 2.885 2.879 2.888 2.887 3.142 3.138 3.110 3.104 

23 0.622 2.934 2.934 2.932 2.934 2.934 2.933 2.935 2.936 2.935 2.936 2.937 2.936 2.934 2.934 2.928 2.930 2.916 2.913 2.919 2.921 3.192 3.189 3.177 3.172 

24 0.649 2.971 2.970 2.969 2.970 2.971 2.970 2.973 2.973 2.972 2.973 2.974 2.973 2.971 2.971 2.966 2.967 2.955 2.951 2.958 2.959 3.251 3.249 3.255 3.247 

25 0.676 3.018 3.016 3.016 3.016 3.018 3.015 3.020 3.018 3.019 3.018 3.021 3.019 3.018 3.016 3.013 3.013 3.003 2.998 3.007 3.006 3.315 3.312 3.337 3.334 

26 0.703 3.074 3.073 3.072 3.073 3.074 3.073 3.076 3.076 3.075 3.076 3.077 3.076 3.074 3.074 3.069 3.071 3.060 3.056 3.064 3.066 3.393 3.389 3.437 3.423 

27 0.730 3.148 3.141 3.146 3.142 3.148 3.141 3.150 3.144 3.150 3.144 3.152 3.145 3.149 3.143 3.145 3.140 3.135 3.126 3.141 3.136 3.486 3.480 3.536 3.530 

28 0.757 3.230 3.230 3.228 3.230 3.230 3.229 3.232 3.233 3.231 3.233 3.234 3.233 3.231 3.231 3.226 3.229 3.218 3.215 3.224 3.226 3.587 3.581 3.658 3.646 

29 0.784 3.333 3.332 3.331 3.332 3.333 3.331 3.335 3.335 3.334 3.335 3.337 3.336 3.335 3.333 3.330 3.332 3.323 3.318 3.329 3.330 3.709 3.704 3.795 3.783 

30 0.811 3.459 3.458 3.457 3.458 3.459 3.457 3.461 3.461 3.460 3.461 3.464 3.462 3.461 3.460 3.457 3.458 3.450 3.445 3.458 3.458 3.851 3.851 3.950 3.940 

31 0.838 3.613 3.609 3.611 3.609 3.613 3.608 3.615 3.612 3.614 3.612 3.618 3.613 3.615 3.611 3.611 3.610 3.605 3.597 3.614 3.612 4.032 4.020 4.140 4.124 

32 0.865 3.812 3.806 3.809 3.806 3.811 3.804 3.814 3.809 3.812 3.809 3.817 3.810 3.814 3.808 3.811 3.808 3.805 3.795 3.815 3.811 4.246 4.234 4.367 4.350 

33 0.892 4.066 4.058 4.063 4.058 4.065 4.056 4.068 4.061 4.066 4.061 4.071 4.062 4.068 4.060 4.066 4.060 4.061 4.048 4.073 4.067 4.523 4.505 4.661 4.631 

34 0.919 4.414 4.399 4.410 4.399 4.412 4.397 4.416 4.402 4.414 4.402 4.419 4.404 4.417 4.402 4.415 4.403 4.410 4.390 4.425 4.412 4.890 4.865 5.037 5.010 

35 0.946 4.938 4.916 4.934 4.916 4.936 4.913 4.940 4.919 4.938 4.919 4.944 4.921 4.942 4.920 4.940 4.922 4.937 4.909 4.954 4.935 5.414 5.363 5.590 5.545 

36 0.973 5.839 5.815 5.835 5.814 5.837 5.811 5.842 5.818 5.839 5.818 5.847 5.821 5.845 5.819 5.844 5.823 5.842 5.809 5.864 5.842 6.563 6.494 6.549 6.471 

37 1.000 6.958 6.880 6.953 6.879 6.955 6.874 6.961 6.883 6.958 6.884 6.969 6.888 6.967 6.886 6.967 6.892 6.967 6.878 6.996 6.919 6.953 6.844 6.714 6.705 
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Table 19. Raw extraction results for K1 (MPa √m) about a circular crack of radius 1.00 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 1/0 

Extraction 
Number 

Normalized 
Location 

Normal 
(0.5) 

Mirror 
(0.5) 

Normal 
(0.55) 

Mirror 
(0.45) 

Normal 
(0.6) 

Mirror 
(0.4) 

Normal 
(0.65) 

Mirror 
(0.35) 

Normal 
(0.7) 

Mirror 
(0.3) 

Normal 
(0.75) 

Mirror 
(0.25) 

Normal 
(0.8) 

Mirror 
(0.2) 

Normal 
(0.85) 

Mirror 
(0.15) 

Normal 
(0.9) 

Mirror 
(0.1) 

Normal 
(0.95) 

Mirror 
(0.05) 

Normal 
(1) 

Mirror 
(0) 

0 0.000 6.927 7.009 6.924 7.009 6.932 7.016 6.940 7.027 6.957 7.035 6.967 7.046 6.984 7.057 7.022 7.104 7.332 7.473 0.000 0.000 2.578 2.578 

1 0.027 5.860 5.887 5.858 5.887 5.864 5.893 5.870 5.901 5.884 5.907 5.891 5.915 5.902 5.921 5.929 5.955 6.201 6.236 4.634 4.625 2.587 2.585 

2 0.054 4.962 4.985 4.959 4.985 4.964 4.986 4.968 4.995 4.978 4.999 4.983 5.004 4.990 5.008 5.008 5.031 5.223 5.253 4.201 4.204 2.726 2.724 

3 0.081 4.446 4.462 4.444 4.462 4.448 4.465 4.451 4.475 4.459 4.473 4.462 4.476 4.467 4.477 4.479 4.494 4.667 4.687 3.931 3.929 2.747 2.743 

4 0.108 4.107 4.116 4.105 4.115 4.108 4.118 4.110 4.122 4.117 4.124 4.119 4.127 4.122 4.127 4.132 4.140 4.300 4.312 3.740 3.737 2.746 2.749 

5 0.135 3.857 3.864 3.861 3.863 3.857 3.865 3.859 3.869 3.865 3.870 3.867 3.872 3.869 3.872 3.877 3.883 4.029 4.039 3.596 3.593 2.752 2.749 

6 0.162 3.662 3.667 3.660 3.666 3.662 3.668 3.664 3.671 3.669 3.672 3.670 3.674 3.672 3.673 3.679 3.683 3.817 3.824 3.487 3.485 2.758 2.757 

7 0.189 3.513 3.515 3.511 3.514 3.513 3.516 3.514 3.518 3.519 3.520 3.520 3.521 3.522 3.520 3.528 3.529 3.653 3.657 3.406 3.395 2.769 2.766 

8 0.216 3.389 3.391 3.387 3.390 3.389 3.391 3.390 3.394 3.394 3.395 3.395 3.396 3.397 3.396 3.404 3.405 3.515 3.519 3.337 3.332 2.782 2.782 

9 0.243 3.289 3.289 3.287 3.288 3.288 3.289 3.290 3.292 3.293 3.293 3.295 3.294 3.297 3.294 3.303 3.303 3.404 3.406 3.283 3.280 2.798 2.798 

10 0.270 3.202 3.209 3.200 3.209 3.201 3.210 3.203 3.212 3.206 3.213 3.208 3.215 3.210 3.215 3.217 3.224 3.307 3.316 3.245 3.243 2.818 2.816 

11 0.297 3.135 3.136 3.133 3.135 3.135 3.136 3.136 3.139 3.140 3.140 3.142 3.142 3.144 3.143 3.151 3.151 3.232 3.235 3.213 3.209 2.839 2.842 

12 0.324 3.079 3.081 3.077 3.081 3.078 3.082 3.080 3.084 3.084 3.086 3.086 3.088 3.089 3.089 3.096 3.097 3.169 3.173 3.190 3.186 2.867 2.862 

13 0.351 3.034 3.036 3.033 3.035 3.034 3.036 3.036 3.039 3.040 3.040 3.042 3.043 3.045 3.044 3.052 3.053 3.119 3.122 3.179 3.173 2.892 2.891 

14 0.378 2.999 2.999 2.997 2.999 2.999 3.000 3.000 3.002 3.004 3.004 3.007 3.007 3.010 3.009 3.018 3.017 3.079 3.081 3.168 3.164 2.923 2.920 

15 0.405 2.967 2.970 2.965 2.970 2.967 2.971 2.968 2.973 2.972 2.975 2.975 2.978 2.979 2.980 2.986 2.989 3.043 3.048 3.165 3.162 2.957 2.955 

16 0.432 2.948 2.949 2.947 2.949 2.948 2.950 2.950 2.952 2.954 2.955 2.957 2.957 2.961 2.960 2.969 2.969 3.022 3.024 3.166 3.167 2.991 2.992 

17 0.459 2.935 2.935 2.934 2.934 2.936 2.936 2.938 2.938 2.942 2.941 2.945 2.944 2.949 2.947 2.957 2.956 3.007 3.007 0.000 3.176 3.031 3.030 

18 0.486 2.928 2.926 2.928 2.926 2.929 2.927 2.931 2.930 2.935 2.932 2.939 2.935 2.943 2.939 2.951 2.948 2.998 2.996 3.196 3.191 3.075 3.077 

19 0.514 2.926 2.928 2.925 2.928 2.926 2.930 2.928 2.932 2.933 2.935 2.937 2.939 2.941 2.942 2.950 2.952 2.994 2.998 3.216 3.214 3.127 3.120 

20 0.541 2.935 2.935 2.934 2.935 2.935 2.937 2.937 2.939 2.942 2.942 2.946 2.946 2.951 2.950 2.959 2.960 3.002 3.004 3.244 0.000 3.176 3.172 

21 0.568 2.949 2.948 2.948 2.948 2.949 2.949 2.952 2.952 2.956 2.955 2.961 2.959 2.966 2.963 2.975 2.973 3.016 3.016 3.278 3.270 3.234 3.229 

22 0.595 2.970 2.967 2.969 2.967 2.971 2.968 2.973 2.971 2.978 2.974 2.982 2.978 2.987 2.982 2.997 2.993 3.037 3.034 3.318 3.314 3.297 3.294 

23 0.622 2.999 2.999 2.999 2.999 3.000 3.000 3.002 3.003 3.007 3.006 3.012 3.011 3.018 3.015 3.027 3.026 3.067 3.067 3.366 3.362 3.363 3.362 

24 0.649 3.036 3.034 3.035 3.034 3.036 3.036 3.039 3.039 3.044 3.042 3.049 3.046 3.055 3.052 3.065 3.062 3.103 3.103 3.424 3.422 3.442 3.437 

25 0.676 3.081 3.079 3.081 3.079 3.082 3.080 3.085 3.083 3.089 3.087 3.095 3.091 3.101 3.097 3.111 3.108 3.150 3.148 3.487 3.483 3.524 3.525 

26 0.703 3.136 3.135 3.135 3.135 3.137 3.136 3.139 3.140 3.144 3.143 3.150 3.148 3.156 3.154 3.167 3.165 3.206 3.205 3.565 3.559 3.625 3.615 

27 0.730 3.209 3.202 3.209 3.202 3.210 3.203 3.213 3.206 3.218 3.210 3.224 3.215 3.231 3.221 3.242 3.234 3.281 3.273 3.657 3.650 3.725 3.722 

28 0.757 3.289 3.289 3.288 3.288 3.289 3.290 3.292 3.293 3.298 3.297 3.303 3.303 3.311 3.309 3.323 3.322 3.362 3.362 3.757 3.750 3.848 3.839 

29 0.784 3.391 3.389 3.390 3.389 3.391 3.390 3.394 3.394 3.400 3.397 3.406 3.403 3.414 3.410 3.426 3.424 3.466 3.465 3.879 3.873 3.987 3.978 

30 0.811 3.515 3.513 3.514 3.513 3.515 3.514 3.518 3.518 3.524 3.522 3.531 3.528 3.539 3.535 3.552 3.550 3.593 3.592 4.021 4.021 4.144 4.138 

31 0.838 3.667 3.662 3.666 3.662 3.667 3.663 3.670 3.667 3.676 3.671 3.684 3.678 3.692 3.686 3.706 3.701 3.749 3.744 4.203 4.190 4.337 4.325 

32 0.865 3.864 3.857 3.863 3.856 3.864 3.858 3.867 3.862 3.873 3.866 3.881 3.873 3.891 3.882 3.906 3.898 3.950 3.943 4.420 4.405 4.568 4.556 

33 0.892 4.116 4.107 4.115 4.106 4.115 4.107 4.119 4.112 4.125 4.116 4.134 4.124 4.144 4.133 4.161 4.151 4.207 4.199 4.700 4.680 4.870 4.843 

34 0.919 4.462 4.446 4.460 4.445 4.461 4.446 4.464 4.451 4.471 4.455 4.482 4.464 4.493 4.474 4.511 4.495 4.561 4.546 5.073 5.045 5.255 5.232 

35 0.946 4.985 4.962 4.983 4.959 4.983 4.960 4.987 4.966 4.994 4.970 5.007 4.981 5.019 4.993 5.040 5.016 5.096 5.073 5.607 5.551 5.823 5.782 

36 0.973 5.887 5.860 5.884 5.857 5.894 5.858 5.888 5.865 5.897 5.869 5.912 5.883 5.927 5.897 5.953 5.926 6.018 5.991 6.784 6.709 6.812 6.739 

37 1.000 7.009 6.927 7.005 6.922 7.001 6.923 7.009 6.932 7.020 6.937 7.039 6.954 7.057 6.971 7.089 7.006 7.166 7.083 7.179 7.061 6.978 6.975 
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Table 20. Processed extraction results for K1  (MPa √m) about a circular crack of radius 0.08 mm 

Through thickness location 0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.992/0.008 0.996/0.004 1/0 
Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.854 6.848 6.852 6.851 6.851 6.863 6.844 6.820 6.761 6.581 6.247 6.448 1.996 

1 0.027 5.770 5.764 5.768 5.767 5.767 5.777 5.761 5.740 5.690 5.537 5.233 3.707 2.008 

2 0.054 4.874 4.869 4.872 4.870 4.871 4.878 4.866 4.848 4.805 4.675 4.393 3.366 2.124 

3 0.081 4.355 4.350 4.353 4.352 4.352 4.359 4.347 4.331 4.291 4.175 3.910 3.151 2.149 

4 0.108 4.010 4.006 4.008 4.008 4.007 4.014 4.002 3.989 3.952 3.844 3.589 3.000 2.157 

5 0.135 3.756 3.752 3.755 3.754 3.754 3.760 3.749 3.735 3.701 3.600 3.353 2.888 2.164 

6 0.162 3.558 3.554 3.556 3.555 3.555 3.561 3.550 3.539 3.505 3.409 3.169 2.804 2.175 

7 0.189 3.404 3.401 3.403 3.402 3.402 3.407 3.397 3.385 3.354 3.262 3.026 2.738 2.188 

8 0.216 3.277 3.274 3.276 3.276 3.275 3.280 3.270 3.258 3.229 3.144 2.908 2.688 2.205 

9 0.243 3.173 3.170 3.172 3.171 3.172 3.176 3.166 3.155 3.129 3.042 2.812 2.650 2.223 

10 0.270 3.088 3.085 3.086 3.086 3.086 3.090 3.081 3.070 3.043 2.962 2.734 2.623 2.243 

11 0.297 3.015 3.012 3.014 3.014 3.014 3.018 3.008 2.999 2.972 2.893 2.668 2.601 2.267 

12 0.324 2.958 2.955 2.957 2.956 2.957 2.961 2.952 2.942 2.916 2.839 2.617 2.587 2.292 

13 0.351 2.911 2.909 2.910 2.910 2.910 2.914 2.906 2.896 2.870 2.795 2.577 2.582 2.319 

14 0.378 2.874 2.871 2.873 2.872 2.873 2.877 2.869 2.859 2.834 2.761 2.545 2.578 2.349 

15 0.405 2.842 2.839 2.842 2.840 2.841 2.841 2.837 2.828 2.803 2.731 2.519 2.581 2.382 

16 0.432 2.822 2.818 2.821 2.820 2.821 2.824 2.817 2.807 2.783 2.713 2.503 2.589 2.417 

17 0.459 2.807 2.805 2.807 2.806 2.807 2.810 2.803 2.794 2.770 2.701 2.494 2.603 2.454 

18 0.486 2.799 2.797 2.797 2.798 2.799 2.802 2.795 2.785 2.764 2.694 2.490 2.622 2.497 

19 0.514 2.799 2.797 2.797 2.798 2.798 2.803 2.795 2.787 2.763 2.695 2.492 2.646 2.542 

20 0.541 2.807 2.805 2.806 2.806 2.807 2.811 2.804 2.795 2.772 2.705 2.504 2.676 2.589 

21 0.568 2.822 2.819 2.822 2.820 2.823 2.825 2.819 2.809 2.786 2.720 2.520 2.708 2.643 

22 0.595 2.842 2.840 2.843 2.842 2.842 2.846 2.835 2.830 2.807 2.740 2.544 2.749 2.701 

23 0.622 2.874 2.872 2.873 2.873 2.874 2.878 2.870 2.862 2.838 2.771 2.575 2.796 2.764 

24 0.649 2.911 2.909 2.911 2.912 2.912 2.915 2.908 2.899 2.876 2.808 2.612 2.852 2.833 

25 0.676 2.958 2.956 2.958 2.957 2.958 2.962 2.955 2.946 2.922 2.854 2.658 2.912 2.912 

26 0.703 3.015 3.013 3.015 3.014 3.016 3.020 3.012 3.003 2.979 2.908 2.714 2.985 2.998 

27 0.730 3.088 3.085 3.087 3.086 3.088 3.092 3.084 3.075 3.050 2.980 2.784 3.070 3.092 

28 0.757 3.173 3.171 3.175 3.172 3.174 3.178 3.170 3.160 3.135 3.063 2.865 3.164 3.201 

29 0.784 3.277 3.275 3.276 3.276 3.277 3.281 3.273 3.263 3.238 3.165 2.963 3.277 3.325 

30 0.811 3.404 3.402 3.403 3.403 3.404 3.409 3.400 3.389 3.363 3.287 3.082 3.410 3.467 

31 0.838 3.558 3.555 3.559 3.556 3.559 3.562 3.553 3.544 3.514 3.436 3.227 3.571 3.636 

32 0.865 3.756 3.754 3.755 3.755 3.756 3.761 3.752 3.740 3.710 3.629 3.413 3.766 3.843 

33 0.892 4.010 4.007 4.009 4.008 4.010 4.015 4.005 3.993 3.961 3.875 3.649 4.017 4.100 

34 0.919 4.355 4.352 4.353 4.353 4.357 4.360 4.349 4.336 4.301 4.209 3.971 4.348 4.440 

35 0.946 4.874 4.871 4.873 4.872 4.873 4.880 4.868 4.853 4.815 4.713 4.453 4.811 4.928 

36 0.973 5.770 5.767 5.768 5.768 5.769 5.777 5.763 5.746 5.701 5.583 5.284 5.840 5.771 

37 1.000 6.854 6.851 6.853 6.852 6.854 6.863 6.847 6.827 6.774 6.636 6.291 6.175 5.951 
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Table 21. Processed extraction results for K1  (MPa √m) about a circular crack of radius 0.10 mm 

Through thickness location 0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.99/0.01 0.995/0.005 1/0 
Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.861 6.858 6.861 6.857 6.864 6.865 6.852 6.827 6.766 6.585 6.346 #N/A 2.029 

1 0.027 5.776 5.773 5.775 5.772 5.778 5.779 5.768 5.746 5.694 5.541 5.316 3.769 2.042 

2 0.054 4.879 4.877 4.878 4.876 4.880 4.881 4.872 4.853 4.808 4.678 4.463 3.422 2.162 

3 0.081 4.359 4.357 4.358 4.356 4.360 4.361 4.353 4.336 4.295 4.177 3.972 3.203 2.185 

4 0.108 4.014 4.012 4.014 4.011 4.015 4.015 4.008 3.992 3.956 3.845 3.646 3.050 2.192 

5 0.135 3.761 3.759 3.762 3.758 3.761 3.761 3.754 3.742 3.704 3.601 3.407 2.935 2.199 

6 0.162 3.562 3.561 3.561 3.559 3.562 3.562 3.557 3.542 3.508 3.411 3.219 2.850 2.210 

7 0.189 3.408 3.406 3.407 3.405 3.408 3.409 3.402 3.392 3.356 3.264 3.074 2.783 2.224 

8 0.216 3.281 3.279 3.283 3.278 3.281 3.282 3.275 3.263 3.231 3.142 2.957 2.732 2.241 

9 0.243 3.177 3.176 3.177 3.175 3.180 3.178 3.174 3.160 3.129 3.044 2.857 2.693 2.259 

10 0.270 3.092 3.089 3.091 3.089 3.092 3.092 3.086 3.075 3.045 2.963 2.777 2.666 2.279 

11 0.297 3.019 3.018 3.019 3.017 3.019 3.020 3.014 3.003 2.975 2.895 2.711 2.643 2.303 

12 0.324 2.962 2.960 2.961 2.960 2.962 2.963 2.957 2.947 2.919 2.841 2.659 2.628 2.328 

13 0.351 2.915 2.913 2.914 2.913 2.915 2.916 2.911 2.900 2.873 2.798 2.618 2.623 2.356 

14 0.378 2.878 2.876 2.877 2.876 2.878 2.879 2.874 2.864 2.837 2.764 2.586 2.620 2.386 

15 0.405 2.846 2.844 2.845 2.844 2.846 2.847 2.842 2.828 2.807 2.735 2.559 2.622 2.420 

16 0.432 2.825 2.823 2.824 2.823 2.826 2.826 2.822 2.812 2.787 2.716 2.543 2.630 2.455 

17 0.459 2.811 2.809 2.811 2.809 2.812 2.813 2.808 2.799 2.774 2.705 2.533 2.643 2.492 

18 0.486 2.803 2.800 2.803 2.801 2.804 2.804 2.802 2.791 2.767 2.698 2.529 2.664 2.536 

19 0.514 2.803 2.801 2.803 2.802 2.804 2.805 2.800 2.792 2.769 2.700 2.532 2.687 2.581 

20 0.541 2.811 2.810 2.811 2.810 2.813 2.813 2.809 2.801 2.776 2.709 2.543 2.718 2.629 

21 0.568 2.825 2.823 2.826 2.824 2.826 2.827 2.823 2.814 2.790 2.724 2.560 2.750 2.684 

22 0.595 2.846 2.844 2.846 2.846 2.843 2.845 2.844 2.835 2.811 2.745 2.582 2.791 2.743 

23 0.622 2.878 2.876 2.878 2.877 2.879 2.880 2.876 2.867 2.843 2.776 2.615 2.839 2.806 

24 0.649 2.915 2.914 2.915 2.914 2.917 2.917 2.914 2.904 2.880 2.814 2.653 2.896 2.877 

25 0.676 2.962 2.960 2.962 2.961 2.963 2.964 2.960 2.951 2.927 2.860 2.699 2.956 2.956 

26 0.703 3.019 3.018 3.019 3.018 3.021 3.022 3.018 3.008 2.983 2.916 2.755 3.030 3.044 

27 0.730 3.092 3.090 3.092 3.090 3.093 3.094 3.090 3.080 3.055 2.986 2.825 3.116 3.139 

28 0.757 3.177 3.176 3.177 3.178 3.179 3.180 3.176 3.166 3.140 3.070 2.908 3.211 3.249 

29 0.784 3.281 3.279 3.281 3.280 3.282 3.283 3.279 3.269 3.242 3.171 3.007 3.326 3.375 

30 0.811 3.408 3.406 3.408 3.406 3.409 3.410 3.406 3.395 3.371 3.295 3.128 3.460 3.519 

31 0.838 3.562 3.560 3.562 3.560 3.563 3.564 3.559 3.548 3.520 3.446 3.275 3.623 3.691 

32 0.865 3.761 3.758 3.760 3.759 3.764 3.762 3.761 3.746 3.717 3.638 3.463 3.821 3.898 

33 0.892 4.014 4.012 4.014 4.012 4.015 4.016 4.011 3.999 3.968 3.885 3.703 4.075 4.163 

34 0.919 4.359 4.356 4.359 4.357 4.360 4.361 4.356 4.343 4.309 4.220 4.029 4.411 4.506 

35 0.946 4.879 4.876 4.879 4.876 4.880 4.881 4.875 4.861 4.824 4.726 4.518 4.881 5.000 

36 0.973 5.776 5.772 5.776 5.772 5.776 5.778 5.771 5.755 5.712 5.598 5.360 5.923 5.855 

37 1.000 6.861 6.857 6.862 6.857 6.862 6.864 6.857 6.837 6.788 6.655 6.381 6.263 6.039 
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Table 22. Processed extraction results for K1  (MPa √m) about a circular crack of radius 0.20 mm 

Through thickness 
location 

0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.98/0.02 0.99/0.01 1/0 

Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.886 6.874 6.886 6.884 8.292 6.889 6.870 6.847 6.773 6.584 6.657 #N/A 2.158 

1 0.027 5.797 5.787 5.797 5.795 5.567 5.799 5.783 5.763 5.700 5.537 5.580 3.982 2.170 

2 0.054 4.898 4.890 4.898 4.896 4.898 4.899 4.885 4.868 4.814 4.673 4.686 3.616 2.293 

3 0.081 4.377 4.370 4.376 4.375 4.377 4.377 4.365 4.349 4.300 4.172 4.172 3.384 2.319 

4 0.108 4.031 4.025 4.031 4.030 4.031 4.031 4.020 4.004 3.959 3.842 3.831 3.222 2.326 

5 0.135 3.777 3.772 3.777 3.776 3.777 3.777 3.766 3.752 3.709 3.597 3.581 3.100 2.333 

6 0.162 3.579 3.573 3.578 3.577 3.578 3.578 3.567 3.554 3.514 3.407 3.385 3.009 2.344 

7 0.189 3.425 3.420 3.424 3.423 3.424 3.424 3.414 3.401 3.363 3.261 3.233 2.938 2.358 

8 0.216 3.298 3.293 3.297 3.296 3.297 3.297 3.287 3.275 3.238 3.142 3.107 2.884 2.375 

9 0.243 3.194 3.189 3.193 3.192 3.193 3.193 3.184 3.172 3.137 3.044 3.005 2.842 2.393 

10 0.270 3.109 3.104 3.107 3.107 3.108 3.108 3.099 3.087 3.054 2.964 2.921 2.813 2.414 

11 0.297 3.036 3.033 3.035 3.034 3.034 3.035 3.027 3.016 2.984 2.898 2.852 2.788 2.439 

12 0.324 2.979 2.975 2.978 2.977 2.978 2.978 2.970 2.961 2.928 2.846 2.797 2.772 2.465 

13 0.351 2.932 2.928 2.931 2.931 2.932 2.932 2.924 2.914 2.886 2.804 2.753 2.766 2.493 

14 0.378 2.895 2.892 2.894 2.893 2.895 2.895 2.888 2.878 2.848 2.771 2.720 2.762 2.524 

15 0.405 2.863 2.859 2.862 2.862 2.863 2.863 2.856 2.847 2.818 2.744 2.691 2.764 2.558 

16 0.432 2.842 2.838 2.841 2.841 2.843 2.843 2.836 2.827 2.799 2.727 2.674 2.772 2.595 

17 0.459 2.828 2.824 2.828 2.828 2.829 2.829 2.823 2.814 2.787 2.716 2.662 2.783 2.633 

18 0.486 2.820 2.816 2.820 2.819 2.821 2.821 2.815 2.806 2.780 2.711 2.657 2.805 2.679 

19 0.514 2.820 2.816 2.821 2.819 2.821 2.821 2.815 2.807 2.781 2.714 2.660 2.829 2.726 

20 0.541 2.828 2.824 2.828 2.828 2.830 2.830 2.824 2.816 2.790 2.724 2.671 2.862 2.774 

21 0.568 2.842 2.838 2.842 2.842 2.844 2.844 2.838 2.830 2.805 2.740 2.687 2.889 2.833 

22 0.595 2.863 2.859 2.862 2.862 2.865 2.865 2.855 2.851 2.826 2.762 2.710 2.938 2.894 

23 0.622 2.895 2.891 2.894 2.894 2.897 2.897 2.891 2.883 2.858 2.795 2.743 2.986 2.960 

24 0.649 2.932 2.928 2.932 2.932 2.934 2.936 2.929 2.921 2.896 2.833 2.782 3.044 3.033 

25 0.676 2.979 2.975 2.978 2.979 2.981 2.981 2.975 2.967 2.943 2.881 2.830 3.107 3.115 

26 0.703 3.036 3.032 3.036 3.036 3.038 3.039 3.033 3.025 3.000 2.938 2.888 3.182 3.207 

27 0.730 3.109 3.104 3.108 3.108 3.110 3.111 3.105 3.097 3.072 3.010 2.960 3.272 3.306 

28 0.757 3.194 3.189 3.193 3.193 3.196 3.196 3.190 3.182 3.157 3.095 3.045 3.370 3.421 

29 0.784 3.298 3.293 3.297 3.297 3.300 3.300 3.294 3.286 3.260 3.197 3.148 3.489 3.552 

30 0.811 3.425 3.420 3.427 3.424 3.427 3.427 3.420 3.412 3.386 3.322 3.273 3.628 3.702 

31 0.838 3.579 3.573 3.577 3.577 3.580 3.580 3.575 3.565 3.538 3.474 3.424 3.797 3.881 

32 0.865 3.777 3.771 3.775 3.776 3.779 3.779 3.772 3.763 3.736 3.669 3.619 4.003 4.098 

33 0.892 4.031 4.026 4.029 4.029 4.033 4.033 4.025 4.017 3.988 3.919 3.868 4.267 4.372 

34 0.919 4.377 4.369 4.374 4.374 4.379 4.378 4.370 4.361 4.331 4.258 4.206 4.616 4.732 

35 0.946 4.898 4.889 4.894 4.895 4.900 4.899 4.890 4.881 4.848 4.770 4.714 5.105 5.250 

36 0.973 5.797 5.785 5.791 5.792 5.799 5.798 5.788 5.777 5.740 5.651 5.589 6.192 6.145 

37 1.000 6.886 6.872 6.879 6.881 6.890 6.888 6.876 6.865 6.821 6.720 6.651 6.546 6.337 
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Table 23. Processed extraction results for K1  (MPa √m) about a circular crack of radius 0.30 mm 

Through thickness location 0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.97/0.03 0.985/0.015 1/0 

Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.897 6.897 6.894 6.890 6.898 6.898 6.887 6.854 6.793 6.644 6.844 #N/A 2.240 

1 0.027 5.807 5.806 5.804 5.801 5.807 5.807 5.797 5.769 5.716 5.582 5.738 4.118 2.252 

2 0.054 4.908 4.907 4.905 4.903 4.907 4.907 4.898 4.874 4.827 4.707 4.821 3.739 2.379 

3 0.081 4.387 4.386 4.384 4.383 4.386 4.386 4.377 4.355 4.311 4.200 4.294 3.499 2.404 

4 0.108 4.042 4.041 4.039 4.039 4.040 4.040 4.031 4.011 3.970 3.864 3.944 3.331 2.410 

5 0.135 3.788 3.787 3.785 3.785 3.786 3.786 3.778 3.762 3.719 3.618 3.688 3.205 2.417 

6 0.162 3.590 3.588 3.587 3.587 3.588 3.587 3.579 3.561 3.523 3.427 3.487 3.110 2.427 

7 0.189 3.436 3.435 3.433 3.434 3.434 3.434 3.426 3.409 3.373 3.281 3.331 3.037 2.442 

8 0.216 3.310 3.308 3.307 3.307 3.308 3.307 3.299 3.283 3.249 3.161 3.202 2.980 2.457 

9 0.243 3.206 3.205 3.203 3.204 3.204 3.204 3.196 3.181 3.148 3.064 3.098 2.936 2.476 

10 0.270 3.121 3.119 3.118 3.119 3.119 3.119 3.111 3.097 3.065 2.985 3.012 2.906 2.497 

11 0.297 3.049 3.047 3.046 3.047 3.047 3.047 3.040 3.026 2.996 2.919 2.940 2.879 2.522 

12 0.324 2.992 2.990 2.989 2.990 2.990 2.990 2.983 2.970 2.941 2.868 2.883 2.862 2.546 

13 0.351 2.945 2.944 2.943 2.944 2.944 2.944 2.938 2.925 2.897 2.827 2.838 2.855 2.576 

14 0.378 2.908 2.907 2.906 2.907 2.907 2.907 2.901 2.889 2.862 2.795 2.802 2.850 2.607 

15 0.405 2.876 2.875 2.874 2.875 2.876 2.876 2.870 2.859 2.833 2.768 2.772 2.852 2.642 

16 0.432 2.856 2.854 2.853 2.855 2.855 2.856 2.850 2.839 2.814 2.752 2.754 2.859 2.679 

17 0.459 2.842 2.841 2.840 2.841 2.842 2.842 2.838 2.826 2.802 2.742 2.742 2.873 2.719 

18 0.486 2.834 2.833 2.832 2.833 2.834 2.835 2.829 2.819 2.796 2.738 2.736 2.892 2.764 

19 0.514 2.834 2.833 2.832 2.834 2.834 2.835 2.830 2.820 2.797 2.741 2.739 2.916 2.812 

20 0.541 2.842 2.842 2.840 2.842 2.842 2.843 2.838 2.829 2.807 2.753 2.749 2.947 2.862 

21 0.568 2.856 2.855 2.854 2.856 2.856 2.857 2.852 2.843 2.822 2.769 2.765 2.980 2.920 

22 0.595 2.876 2.875 2.875 2.878 2.877 2.878 2.873 2.864 2.843 2.792 2.787 3.023 2.982 

23 0.622 2.908 2.907 2.906 2.908 2.909 2.911 2.905 2.897 2.876 2.826 2.821 3.074 3.049 

24 0.649 2.945 2.944 2.946 2.946 2.946 2.948 2.943 2.934 2.914 2.865 2.860 3.133 3.124 

25 0.676 2.992 2.991 2.990 2.992 2.993 2.995 2.989 2.981 2.961 2.913 2.908 3.196 3.208 

26 0.703 3.049 3.048 3.047 3.049 3.050 3.052 3.047 3.038 3.018 2.971 2.966 3.273 3.300 

27 0.730 3.121 3.120 3.119 3.121 3.122 3.124 3.119 3.110 3.090 3.044 3.039 3.364 3.401 

28 0.757 3.206 3.205 3.204 3.207 3.208 3.209 3.204 3.195 3.175 3.130 3.125 3.464 3.518 

29 0.784 3.310 3.309 3.308 3.310 3.311 3.313 3.307 3.299 3.279 3.234 3.229 3.585 3.652 

30 0.811 3.436 3.435 3.434 3.437 3.438 3.439 3.434 3.425 3.405 3.360 3.356 3.727 3.805 

31 0.838 3.590 3.589 3.587 3.590 3.591 3.593 3.587 3.578 3.558 3.513 3.509 3.899 3.988 

32 0.865 3.788 3.787 3.786 3.788 3.789 3.791 3.786 3.777 3.756 3.711 3.707 4.109 4.209 

33 0.892 4.042 4.041 4.039 4.041 4.043 4.045 4.042 4.030 4.008 3.963 3.960 4.378 4.489 

34 0.919 4.387 4.386 4.383 4.386 4.388 4.390 4.384 4.375 4.351 4.306 4.303 4.735 4.857 

35 0.946 4.908 4.906 4.903 4.907 4.909 4.911 4.905 4.893 4.870 4.822 4.819 5.235 5.387 

36 0.973 5.807 5.805 5.802 5.806 5.809 5.812 5.804 5.793 5.764 5.713 5.710 6.348 6.302 

37 1.000 6.897 6.895 6.891 6.896 6.900 6.903 6.895 6.883 6.850 6.795 6.791 6.710 6.498 
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Table 24. Processed extraction results for K1  (MPa √m) about a circular crack of radius 0.50 mm 

Through thickness location 0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 0.975/0.025 1/0 
Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.919 6.918 6.919 6.923 6.921 6.922 6.915 6.894 6.847 7.078 #N/A 2.363 

1 0.027 5.827 5.826 5.827 5.831 5.828 5.828 5.821 5.802 5.758 5.937 4.311 2.374 

2 0.054 4.927 4.926 4.926 4.929 4.927 4.927 4.920 4.902 4.861 4.993 3.914 2.506 

3 0.081 4.406 4.405 4.406 4.408 4.406 4.405 4.398 4.381 4.341 4.450 3.662 2.530 

4 0.108 4.062 4.061 4.061 4.063 4.061 4.059 4.052 4.036 3.998 4.090 3.485 2.535 

5 0.135 3.809 3.808 3.808 3.809 3.807 3.806 3.798 3.782 3.746 3.827 3.352 2.541 

6 0.162 3.611 3.610 3.610 3.611 3.609 3.608 3.600 3.585 3.550 3.620 3.253 2.550 

7 0.189 3.459 3.457 3.457 3.458 3.457 3.455 3.448 3.433 3.400 3.460 3.175 2.563 

8 0.216 3.332 3.331 3.331 3.333 3.330 3.329 3.322 3.308 3.276 3.327 3.115 2.579 

9 0.243 3.230 3.228 3.228 3.229 3.228 3.226 3.220 3.206 3.176 3.219 3.068 2.597 

10 0.270 3.145 3.144 3.143 3.145 3.143 3.142 3.135 3.123 3.095 3.130 3.035 2.618 

11 0.297 3.073 3.072 3.072 3.073 3.072 3.071 3.065 3.053 3.026 3.055 3.006 2.643 

12 0.324 3.017 3.016 3.015 3.017 3.016 3.014 3.009 2.998 2.973 2.996 2.987 2.668 

13 0.351 2.971 2.969 2.969 2.971 2.970 2.969 2.964 2.953 2.930 2.949 2.979 2.696 

14 0.378 2.934 2.933 2.933 2.934 2.933 2.933 2.928 2.918 2.896 2.911 2.972 2.728 

15 0.405 2.904 2.901 2.901 2.903 2.903 2.902 2.897 2.888 2.867 2.880 2.972 2.763 

16 0.432 2.882 2.881 2.881 2.883 2.882 2.882 2.877 2.869 2.849 2.860 2.978 2.800 

17 0.459 2.868 2.867 2.867 2.869 2.868 2.868 2.864 2.857 2.838 2.847 2.990 2.840 

18 0.486 2.860 2.859 2.859 2.861 2.861 2.861 2.857 2.850 2.832 2.840 3.010 2.886 

19 0.514 2.860 2.859 2.860 2.861 2.861 2.861 2.858 2.851 2.834 2.841 3.033 2.934 

20 0.541 2.868 2.867 2.868 2.870 2.869 2.870 2.866 2.860 2.844 2.850 3.064 2.985 

21 0.568 2.882 2.881 2.881 2.884 2.883 2.884 2.881 2.875 2.860 2.865 3.097 3.043 

22 0.595 2.904 2.902 2.902 2.904 2.904 2.905 2.902 2.896 2.882 2.887 3.140 3.107 

23 0.622 2.934 2.933 2.934 2.936 2.935 2.937 2.934 2.929 2.915 2.920 3.190 3.175 

24 0.649 2.971 2.970 2.970 2.973 2.972 2.974 2.971 2.966 2.953 2.959 3.250 3.251 

25 0.676 3.017 3.016 3.017 3.019 3.019 3.020 3.017 3.013 3.000 3.007 3.313 3.336 

26 0.703 3.073 3.073 3.073 3.076 3.075 3.077 3.074 3.070 3.058 3.065 3.391 3.430 

27 0.730 3.145 3.144 3.145 3.147 3.147 3.149 3.146 3.142 3.130 3.138 3.483 3.533 

28 0.757 3.230 3.229 3.229 3.232 3.232 3.234 3.231 3.228 3.217 3.225 3.584 3.652 

29 0.784 3.332 3.332 3.332 3.335 3.335 3.336 3.334 3.331 3.320 3.330 3.707 3.789 

30 0.811 3.459 3.458 3.458 3.461 3.461 3.463 3.460 3.458 3.447 3.458 3.851 3.945 

31 0.838 3.611 3.610 3.610 3.614 3.613 3.615 3.613 3.611 3.601 3.613 4.026 4.132 

32 0.865 3.809 3.808 3.808 3.811 3.811 3.813 3.811 3.809 3.800 3.813 4.240 4.359 

33 0.892 4.062 4.060 4.060 4.064 4.063 4.067 4.064 4.063 4.054 4.070 4.514 4.646 

34 0.919 4.406 4.405 4.405 4.409 4.408 4.412 4.409 4.409 4.400 4.418 4.878 5.024 

35 0.946 4.927 4.925 4.925 4.929 4.929 4.933 4.931 4.931 4.923 4.944 5.389 5.567 

36 0.973 5.827 5.825 5.824 5.830 5.829 5.834 5.832 5.834 5.826 5.853 6.529 6.510 

37 1.000 6.919 6.916 6.915 6.922 6.921 6.928 6.926 6.929 6.923 6.957 6.898 6.710 
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Table 25. Processed extraction results for K1  (MPa √m) about a circular crack of radius 1.00 mm 

Through thickness location 0.5/0.5 0.55/0.45 0.6/0.4 0.65/0.35 0.7/0.3 0.75/0.25 0.8/0.2 0.85/0.15 0.9/0.1 0.95/0.05 1/0 
Extraction 
Number 

Normalized 
Location 

Average Average Average Average Average Average Average Average Average Average Average 

0 0.000 6.968 6.967 6.974 6.983 6.996 7.006 7.021 7.063 7.403 #N/A 2.578 

1 0.027 5.874 5.873 5.879 5.886 5.895 5.903 5.912 5.942 6.218 4.630 2.586 

2 0.054 4.973 4.972 4.975 4.982 4.989 4.994 4.999 5.019 5.238 4.202 2.725 

3 0.081 4.454 4.453 4.456 4.463 4.466 4.469 4.472 4.487 4.677 3.930 2.745 

4 0.108 4.111 4.110 4.113 4.116 4.120 4.123 4.124 4.136 4.306 3.739 2.748 

5 0.135 3.861 3.862 3.861 3.864 3.868 3.869 3.870 3.880 4.034 3.595 2.750 

6 0.162 3.665 3.663 3.665 3.667 3.671 3.672 3.672 3.681 3.820 3.486 2.757 

7 0.189 3.514 3.513 3.514 3.516 3.519 3.520 3.521 3.529 3.655 3.401 2.768 

8 0.216 3.390 3.388 3.390 3.392 3.395 3.396 3.396 3.404 3.517 3.334 2.782 

9 0.243 3.289 3.287 3.289 3.291 3.293 3.295 3.295 3.303 3.405 3.282 2.798 

10 0.270 3.205 3.204 3.206 3.207 3.210 3.212 3.213 3.220 3.312 3.244 2.817 

11 0.297 3.135 3.134 3.136 3.137 3.140 3.142 3.143 3.151 3.234 3.211 2.841 

12 0.324 3.080 3.079 3.080 3.082 3.085 3.087 3.089 3.096 3.171 3.188 2.865 

13 0.351 3.035 3.034 3.035 3.037 3.040 3.042 3.045 3.052 3.121 3.176 2.891 

14 0.378 2.999 2.998 2.999 3.001 3.004 3.007 3.010 3.018 3.080 3.166 2.922 

15 0.405 2.968 2.967 2.969 2.971 2.974 2.977 2.980 2.988 3.045 3.163 2.956 

16 0.432 2.948 2.948 2.949 2.951 2.954 2.957 2.961 2.969 3.023 3.166 2.992 

17 0.459 2.935 2.934 2.936 2.938 2.941 2.944 2.948 2.957 3.007 3.176 3.031 

18 0.486 2.927 2.927 2.928 2.930 2.934 2.937 2.941 2.950 2.997 3.193 3.076 

19 0.514 2.927 2.927 2.928 2.930 2.934 2.938 2.942 2.951 2.996 3.215 3.124 

20 0.541 2.935 2.935 2.936 2.938 2.942 2.946 2.950 2.959 3.003 3.244 3.174 

21 0.568 2.948 2.948 2.949 2.952 2.956 2.960 2.964 2.974 3.016 3.274 3.232 

22 0.595 2.968 2.968 2.969 2.972 2.976 2.980 2.985 2.995 3.036 3.316 3.295 

23 0.622 2.999 2.999 3.000 3.003 3.007 3.011 3.016 3.027 3.067 3.364 3.363 

24 0.649 3.035 3.035 3.036 3.039 3.043 3.048 3.053 3.064 3.103 3.423 3.439 

25 0.676 3.080 3.080 3.081 3.084 3.088 3.093 3.099 3.110 3.149 3.485 3.524 

26 0.703 3.135 3.135 3.136 3.139 3.144 3.149 3.155 3.166 3.205 3.562 3.620 

27 0.730 3.205 3.205 3.206 3.210 3.214 3.219 3.226 3.238 3.277 3.653 3.723 

28 0.757 3.289 3.288 3.290 3.293 3.297 3.303 3.310 3.322 3.362 3.754 3.844 

29 0.784 3.390 3.389 3.391 3.394 3.399 3.405 3.412 3.425 3.465 3.876 3.982 

30 0.811 3.514 3.514 3.515 3.518 3.523 3.530 3.537 3.551 3.593 4.021 4.141 

31 0.838 3.665 3.664 3.665 3.669 3.674 3.681 3.689 3.704 3.746 4.197 4.331 

32 0.865 3.861 3.860 3.861 3.864 3.869 3.877 3.886 3.902 3.947 4.412 4.562 

33 0.892 4.111 4.110 4.111 4.115 4.120 4.129 4.139 4.156 4.203 4.690 4.856 

34 0.919 4.454 4.453 4.453 4.458 4.463 4.473 4.483 4.503 4.553 5.059 5.243 

35 0.946 4.973 4.971 4.971 4.977 4.982 4.994 5.006 5.028 5.084 5.579 5.802 

36 0.973 5.874 5.871 5.876 5.877 5.883 5.898 5.912 5.939 6.005 6.747 6.775 

37 1.000 6.968 6.964 6.962 6.971 6.978 6.997 7.014 7.047 7.125 7.120 6.977 
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Appendix E  Results for Elliptical Crack 

Table 26. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 0.08 mm 

Through thickness 
location 

1 2 3 4 13.75 23.5 33.25 43 52.75 62.5 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.119 7.039 7.030 7.110 6.705 6.837 6.550 6.636 6.552 6.843 7.289 6.385 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

1 0.027 5.853 5.884 5.814 5.882 5.582 5.690 5.528 5.586 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.054 4.887 4.906 4.905 4.937 4.802 0.000 4.732 4.760 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3 0.081 4.368 4.374 4.462 4.478 4.446 4.470 4.453 4.471 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.108 4.020 4.025 4.201 4.213 4.271 4.288 4.350 4.354 0.000 4.655 0.000 4.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

5 0.135 3.764 3.766 4.039 4.045 4.185 4.196 4.299 4.301 4.675 4.669 4.752 4.767 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

6 0.162 3.567 3.572 3.935 3.942 4.136 4.148 0.000 4.281 4.679 4.688 4.763 4.757 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

7 0.189 3.413 3.412 3.867 3.870 4.107 4.115 4.270 4.271 4.678 4.680 4.762 4.768 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

8 0.216 3.283 3.288 3.823 3.822 4.096 4.100 4.271 4.271 4.687 4.690 4.778 4.771 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

9 0.243 3.179 3.180 3.784 3.784 4.085 4.094 4.264 4.266 4.688 4.694 4.773 4.766 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.270 3.092 3.092 3.760 3.766 4.080 4.084 4.266 4.268 4.691 4.691 4.770 4.769 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

11 0.297 3.022 3.020 3.746 3.746 4.080 4.082 4.266 4.267 4.694 4.691 4.776 4.772 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

12 0.324 2.961 2.967 3.735 3.733 4.077 4.078 4.268 4.270 4.697 4.692 4.777 4.776 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

13 0.351 2.914 2.914 3.728 3.727 4.084 4.079 4.270 4.270 4.695 4.698 4.774 4.771 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

14 0.378 2.877 2.879 3.718 3.721 4.079 4.081 4.271 4.273 4.698 4.696 4.778 4.785 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

15 0.405 2.846 2.847 3.716 3.716 4.079 4.079 4.268 4.273 4.693 4.695 4.778 4.779 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

16 0.432 2.827 2.825 3.715 3.714 4.083 4.078 4.273 4.272 4.706 4.699 4.774 4.775 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.459 2.812 2.810 3.711 3.713 4.078 4.077 4.273 4.273 4.693 4.704 4.774 4.785 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

18 0.486 2.802 2.805 3.711 3.712 4.084 4.078 4.278 4.272 4.701 4.703 4.777 4.781 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

19 0.514 2.805 2.802 3.712 3.711 4.078 4.084 4.272 4.278 4.703 4.701 4.781 4.777 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

20 0.541 2.810 2.812 3.713 3.711 4.077 4.078 4.273 4.273 4.704 4.693 4.785 4.774 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

21 0.568 2.825 2.827 3.714 3.715 4.078 4.083 4.272 4.273 4.699 4.706 4.775 4.774 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

22 0.595 2.847 2.846 3.716 3.716 4.079 4.079 4.273 4.268 4.695 4.693 4.779 4.778 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

23 0.622 2.879 2.877 3.721 3.718 4.081 4.079 4.273 4.271 4.696 4.698 4.785 4.778 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

24 0.649 2.914 2.914 3.727 3.728 4.079 4.084 4.270 4.270 4.698 4.695 4.771 4.774 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

25 0.676 2.967 2.961 3.733 3.735 4.078 4.077 4.270 4.268 4.692 4.697 4.776 4.777 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

26 0.703 3.020 3.022 3.746 3.746 4.082 4.080 4.267 4.266 4.691 4.694 4.772 4.776 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

27 0.730 3.092 3.092 3.766 3.760 4.084 4.080 4.268 4.266 4.691 4.691 4.769 4.770 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

28 0.757 3.180 3.179 3.784 3.784 4.094 4.085 4.266 4.264 4.694 4.688 4.766 4.773 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

29 0.784 3.288 3.283 3.822 3.823 4.100 4.096 4.271 4.271 4.690 4.687 4.771 4.778 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

30 0.811 3.412 3.413 3.870 3.867 4.115 4.107 4.271 4.270 4.680 4.678 4.768 4.762 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

31 0.838 3.572 3.567 3.942 3.935 4.148 4.136 4.281 0.000 4.688 4.679 4.757 4.763 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

32 0.865 3.766 3.764 4.045 4.039 4.196 4.185 4.301 4.299 4.669 4.675 4.767 4.752 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

33 0.892 4.025 4.020 4.213 4.201 4.288 4.271 4.354 4.350 4.655 0.000 4.747 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

34 0.919 4.374 4.368 4.478 4.462 4.470 4.446 4.471 4.453 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

35 0.946 4.906 4.887 4.937 4.905 0.000 4.802 4.760 4.732 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

36 0.973 5.884 5.853 5.882 5.814 5.690 5.582 5.586 5.528 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

37 1.000 7.039 7.119 7.110 7.030 6.837 6.705 6.636 6.550 6.843 6.552 6.385 7.289 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 27. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 0.10 mm 

Aspect Ratio 1 2 3 4 11.667 19.33 27 34.66666667 42.33333333 50 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.123 7.042 7.037 7.118 6.716 6.836 6.548 6.634 0.000 0.000 7.269 7.712 7.254 7.209 0.000 0.000 0.000 0.000 0.000 0.000 

1 0.027 5.857 5.887 5.819 5.888 5.591 5.690 5.526 5.584 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.054 4.890 4.909 4.909 4.941 4.809 0.000 4.731 4.759 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3 0.081 4.371 4.377 4.466 4.482 4.451 4.471 4.452 4.470 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.108 4.024 4.028 4.204 4.217 4.275 4.289 4.349 4.354 0.000 0.000 0.000 4.726 0.000 4.765 0.000 0.000 0.000 0.000 0.000 0.000 

5 0.135 3.767 3.769 4.042 4.049 4.189 4.197 4.298 4.301 0.000 0.000 4.733 4.749 4.775 4.788 0.000 0.000 0.000 0.000 0.000 0.000 

6 0.162 3.570 3.575 3.939 3.945 4.140 4.149 0.000 4.281 0.000 0.000 4.745 4.739 4.786 4.778 0.000 0.000 0.000 0.000 0.000 0.000 

7 0.189 3.416 3.415 3.870 3.874 4.110 4.117 4.269 4.271 0.000 0.000 4.744 4.750 4.785 4.790 0.000 0.000 0.000 0.000 0.000 0.000 

8 0.216 3.286 3.291 3.827 3.826 4.099 4.102 4.271 4.271 0.000 0.000 4.760 4.753 4.800 4.793 0.000 0.000 0.000 0.000 0.000 0.000 

9 0.243 3.182 3.183 3.787 3.787 4.088 4.096 4.264 4.267 0.000 0.000 4.755 4.749 4.795 4.787 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.270 3.096 3.095 3.764 3.770 4.084 4.086 4.266 4.268 0.000 0.000 4.753 4.751 4.792 4.791 0.000 0.000 0.000 0.000 0.000 0.000 

11 0.297 3.025 3.023 3.749 3.750 4.083 4.083 4.266 4.268 0.000 0.000 4.758 4.755 4.798 4.794 0.000 0.000 0.000 0.000 0.000 0.000 

12 0.324 2.964 2.970 3.739 3.736 4.080 4.080 4.269 4.270 0.000 0.000 4.760 4.759 4.799 4.797 0.000 0.000 0.000 0.000 0.000 0.000 

13 0.351 2.918 2.918 3.732 3.731 4.087 4.082 4.270 4.270 0.000 0.000 4.756 4.754 4.795 4.792 0.000 0.000 0.000 0.000 0.000 0.000 

14 0.378 2.880 2.882 3.722 3.724 4.082 4.083 4.271 4.274 0.000 0.000 4.761 4.767 4.797 4.806 0.000 0.000 0.000 0.000 0.000 0.000 

15 0.405 2.850 2.850 3.720 3.720 4.083 4.082 4.268 4.274 0.000 0.000 4.761 4.761 4.798 4.800 0.000 0.000 0.000 0.000 0.000 0.000 

16 0.432 2.831 2.829 3.719 3.718 4.086 4.081 4.274 4.272 0.000 0.000 4.757 4.758 4.795 4.796 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.459 2.815 2.813 3.715 3.717 4.081 4.081 4.274 4.273 0.000 0.000 4.757 4.768 4.794 4.807 0.000 0.000 0.000 0.000 0.000 0.000 

18 0.486 2.806 2.808 3.715 3.716 4.087 4.081 4.278 4.273 0.000 0.000 4.760 4.764 4.798 4.802 0.000 0.000 0.000 0.000 0.000 0.000 

19 0.514 2.808 2.806 3.716 3.715 4.081 4.087 4.273 4.278 0.000 0.000 4.764 4.760 4.802 4.798 0.000 0.000 0.000 0.000 0.000 0.000 

20 0.541 2.813 2.815 3.717 3.715 4.081 4.081 4.273 4.274 0.000 0.000 4.768 4.757 4.807 4.794 0.000 0.000 0.000 0.000 0.000 0.000 

21 0.568 2.829 2.831 3.718 3.719 4.081 4.086 4.272 4.274 0.000 0.000 4.758 4.757 4.796 4.795 0.000 0.000 0.000 0.000 0.000 0.000 

22 0.595 2.850 2.850 3.720 3.720 4.082 4.083 4.274 4.268 0.000 0.000 4.761 4.761 4.800 4.798 0.000 0.000 0.000 0.000 0.000 0.000 

23 0.622 2.882 2.880 3.724 3.722 4.083 4.082 4.274 4.271 0.000 0.000 4.767 4.761 4.806 4.797 0.000 0.000 0.000 0.000 0.000 0.000 

24 0.649 2.918 2.918 3.731 3.732 4.082 4.087 4.270 4.270 0.000 0.000 4.754 4.756 4.792 4.795 0.000 0.000 0.000 0.000 0.000 0.000 

25 0.676 2.970 2.964 3.736 3.739 4.080 4.080 4.270 4.269 0.000 0.000 4.759 4.760 4.797 4.799 0.000 0.000 0.000 0.000 0.000 0.000 

26 0.703 3.023 3.025 3.750 3.749 4.083 4.083 4.268 4.266 0.000 0.000 4.755 4.758 4.794 4.798 0.000 0.000 0.000 0.000 0.000 0.000 

27 0.730 3.095 3.096 3.770 3.764 4.086 4.084 4.268 4.266 0.000 0.000 4.751 4.753 4.791 4.792 0.000 0.000 0.000 0.000 0.000 0.000 

28 0.757 3.183 3.182 3.787 3.787 4.096 4.088 4.267 4.264 0.000 0.000 4.749 4.755 4.787 4.795 0.000 0.000 0.000 0.000 0.000 0.000 

29 0.784 3.291 3.286 3.826 3.827 4.102 4.099 4.271 4.271 0.000 0.000 4.753 4.760 4.793 4.800 0.000 0.000 0.000 0.000 0.000 0.000 

30 0.811 3.415 3.416 3.874 3.870 4.117 4.110 4.271 4.269 0.000 0.000 4.750 4.744 4.790 4.785 0.000 0.000 0.000 0.000 0.000 0.000 

31 0.838 3.575 3.570 3.945 3.939 4.149 4.140 4.281 0.000 0.000 0.000 4.739 4.745 4.778 4.786 0.000 0.000 0.000 0.000 0.000 0.000 

32 0.865 3.769 3.767 4.049 4.042 4.197 4.189 4.301 4.298 0.000 0.000 4.749 4.733 4.788 4.775 0.000 0.000 0.000 0.000 0.000 0.000 

33 0.892 4.028 4.024 4.217 4.204 4.289 4.275 4.354 4.349 0.000 0.000 4.726 0.000 4.765 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

34 0.919 4.377 4.371 4.482 4.466 4.471 4.451 4.470 4.452 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

35 0.946 4.909 4.890 4.941 4.909 0.000 4.809 4.759 4.731 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

36 0.973 5.887 5.857 5.888 5.819 5.690 5.591 5.584 5.526 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

37 1.000 7.042 7.123 7.118 7.037 6.836 6.716 6.634 6.548 0.000 0.000 7.712 7.269 7.209 7.254 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 28. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 0.20 mm 

Aspect Ratio 1 2 3 4 7.5 11 14.5 18 21 25 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.136 7.054 7.053 7.139 6.732 6.856 6.567 6.657 0.000 0.000 0.000 0.000 7.641 7.908 7.771 7.825 0.000 0.000 7.859 7.977 

1 0.027 5.868 5.896 5.834 5.906 5.604 5.706 5.543 5.604 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.054 4.900 4.918 4.923 4.957 4.821 0.000 4.746 4.776 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3 0.081 4.382 4.387 4.479 4.497 4.464 4.485 4.466 4.487 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.108 4.034 4.038 4.218 4.232 4.288 4.303 4.363 4.371 0.000 0.000 0.000 0.000 0.000 4.706 0.000 4.755 0.000 0.000 0.000 4.778 

5 0.135 3.778 3.780 4.056 4.064 4.203 4.212 4.313 4.318 0.000 0.000 0.000 0.000 4.721 4.714 4.752 4.761 0.000 0.000 4.791 4.805 

6 0.162 3.581 3.586 3.953 3.961 4.154 4.164 0.000 4.302 0.000 0.000 0.000 0.000 4.725 4.731 4.766 4.777 0.000 0.000 4.808 4.802 

7 0.189 3.428 3.426 3.885 3.890 4.125 4.133 4.286 4.289 0.000 0.000 0.000 0.000 4.724 4.727 4.767 4.772 0.000 0.000 4.813 4.819 

8 0.216 3.298 3.303 3.842 3.842 4.114 4.118 4.288 4.290 0.000 0.000 0.000 0.000 4.733 4.730 4.784 4.775 0.000 0.000 4.833 4.826 

9 0.243 3.194 3.195 3.803 3.804 4.104 4.113 4.282 4.286 0.000 0.000 0.000 0.000 4.735 4.738 4.780 4.784 0.000 0.000 4.831 4.824 

10 0.270 3.108 3.107 3.781 3.787 4.100 4.103 4.284 4.288 0.000 0.000 0.000 0.000 4.738 4.733 4.779 4.775 0.000 0.000 4.830 4.829 

11 0.297 3.037 3.035 3.766 3.767 4.100 4.100 4.285 4.288 0.000 0.000 0.000 0.000 4.742 4.740 4.784 4.784 0.000 0.000 4.836 4.833 

12 0.324 2.977 2.982 3.756 3.754 4.098 4.098 4.288 4.291 0.000 0.000 0.000 0.000 4.744 4.738 4.786 4.781 0.000 0.000 4.837 4.836 

13 0.351 2.930 2.930 3.749 3.749 4.106 4.100 4.290 4.291 0.000 0.000 0.000 0.000 4.740 4.750 4.783 4.793 0.000 0.000 4.833 4.830 

14 0.378 2.893 2.895 3.740 3.743 4.101 4.102 4.292 4.295 0.000 0.000 0.000 0.000 4.745 4.745 4.787 4.788 0.000 0.000 4.834 4.843 

15 0.405 2.862 2.863 3.738 3.738 4.102 4.101 4.289 4.295 0.000 0.000 0.000 0.000 4.746 4.746 4.787 4.788 0.000 0.000 4.834 4.836 

16 0.432 2.843 2.842 3.737 3.736 4.105 4.101 4.295 4.294 0.000 0.000 0.000 0.000 4.741 4.746 4.783 4.788 0.000 0.000 4.830 4.832 

17 0.459 2.828 2.826 3.734 3.736 4.100 4.100 4.295 4.295 0.000 0.000 0.000 0.000 4.741 4.753 4.783 4.794 0.000 0.000 4.829 4.842 

18 0.486 2.819 2.821 3.733 3.735 4.106 4.101 4.300 4.295 0.000 0.000 0.000 0.000 4.746 4.750 4.787 4.791 0.000 0.000 4.832 4.836 

19 0.514 2.821 2.819 3.735 3.733 4.101 4.106 4.295 4.300 0.000 0.000 0.000 0.000 4.750 4.746 4.791 4.787 0.000 0.000 4.836 4.832 

20 0.541 2.826 2.828 3.736 3.734 4.100 4.100 4.295 4.295 0.000 0.000 0.000 0.000 4.753 4.741 4.794 4.783 0.000 0.000 4.842 4.829 

21 0.568 2.842 2.843 3.736 3.737 4.101 4.105 4.294 4.295 0.000 0.000 0.000 0.000 4.746 4.741 4.788 4.783 0.000 0.000 4.832 4.830 

22 0.595 2.863 2.862 3.738 3.738 4.101 4.102 4.295 4.289 0.000 0.000 0.000 0.000 4.746 4.746 4.788 4.787 0.000 0.000 4.836 4.834 

23 0.622 2.895 2.893 3.743 3.740 4.102 4.101 4.295 4.292 0.000 0.000 0.000 0.000 4.745 4.745 4.788 4.787 0.000 0.000 4.843 4.834 

24 0.649 2.930 2.930 3.749 3.749 4.100 4.106 4.291 4.290 0.000 0.000 0.000 0.000 4.750 4.740 4.793 4.783 0.000 0.000 4.830 4.833 

25 0.676 2.982 2.977 3.754 3.756 4.098 4.098 4.291 4.288 0.000 0.000 0.000 0.000 4.738 4.744 4.781 4.786 0.000 0.000 4.836 4.837 

26 0.703 3.035 3.037 3.767 3.766 4.100 4.100 4.288 4.285 0.000 0.000 0.000 0.000 4.740 4.742 4.784 4.784 0.000 0.000 4.833 4.836 

27 0.730 3.107 3.108 3.787 3.781 4.103 4.100 4.288 4.284 0.000 0.000 0.000 0.000 4.733 4.738 4.775 4.779 0.000 0.000 4.829 4.830 

28 0.757 3.195 3.194 3.804 3.803 4.113 4.104 4.286 4.282 0.000 0.000 0.000 0.000 4.738 4.735 4.784 4.780 0.000 0.000 4.824 4.831 

29 0.784 3.303 3.298 3.842 3.842 4.118 4.114 4.290 4.288 0.000 0.000 0.000 0.000 4.730 4.733 4.775 4.784 0.000 0.000 4.826 4.833 

30 0.811 3.426 3.428 3.890 3.885 4.133 4.125 4.289 4.286 0.000 0.000 0.000 0.000 4.727 4.724 4.772 4.767 0.000 0.000 4.819 4.813 

31 0.838 3.586 3.581 3.961 3.953 4.164 4.154 4.302 0.000 0.000 0.000 0.000 0.000 4.731 4.725 4.777 4.766 0.000 0.000 4.802 4.808 

32 0.865 3.780 3.778 4.064 4.056 4.212 4.203 4.318 4.313 0.000 0.000 0.000 0.000 4.714 4.721 4.761 4.752 0.000 0.000 4.805 4.791 

33 0.892 4.038 4.034 4.232 4.218 4.303 4.288 4.371 4.363 0.000 0.000 0.000 0.000 4.706 0.000 4.755 0.000 0.000 0.000 4.778 0.000 

34 0.919 4.387 4.382 4.497 4.479 4.485 4.464 4.487 4.466 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

35 0.946 4.918 4.900 4.957 4.923 0.000 4.821 4.776 4.746 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

36 0.973 5.896 5.868 5.906 5.834 5.706 5.604 5.604 5.543 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

37 1.000 7.054 7.136 7.139 7.053 6.856 6.732 6.657 6.567 0.000 0.000 0.000 0.000 7.908 7.641 7.825 7.771 0.000 0.000 7.977 7.859 
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Table 29. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 0.30 mm 

Aspect Ratio 1 2 3 4 6.111 8.22 10.333 12.444 14.556 16.667 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.153 7.073 7.065 7.146 6.748 6.874 6.585 6.679 6.432 6.538 0.000 0.000 0.000 0.000 7.753 7.985 7.708 8.007 7.694 8.057 

1 0.027 5.883 5.913 5.844 5.913 5.618 5.722 5.558 5.622 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.054 4.914 4.933 4.932 4.964 4.834 0.000 4.760 4.792 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3 0.081 4.394 4.401 4.489 4.505 4.477 4.499 4.480 4.502 0.000 4.553 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.108 4.047 4.052 4.228 4.240 4.302 4.317 4.378 4.386 4.509 4.509 0.000 0.000 0.000 0.000 0.000 4.695 0.000 4.737 0.000 4.760 

5 0.135 3.791 3.793 4.067 4.073 4.217 4.227 4.328 4.334 4.490 4.501 0.000 0.000 0.000 0.000 4.718 4.713 4.748 4.747 4.776 4.772 

6 0.162 3.594 3.600 3.964 3.971 4.169 4.180 0.000 4.315 4.499 4.499 0.000 0.000 0.000 0.000 4.724 4.733 4.755 4.765 4.785 4.795 

7 0.189 3.441 3.440 3.897 3.900 4.140 4.149 4.302 4.306 4.500 4.506 0.000 0.000 0.000 0.000 4.725 4.727 4.756 4.763 4.788 4.794 

8 0.216 3.311 3.317 3.854 3.853 4.130 4.135 4.305 4.307 4.513 4.508 0.000 0.000 0.000 0.000 4.735 4.739 4.767 4.768 4.801 4.801 

9 0.243 3.208 3.209 3.816 3.816 4.121 4.130 4.299 4.304 4.512 4.510 0.000 0.000 0.000 0.000 4.739 4.745 4.771 4.777 4.806 4.811 

10 0.270 3.122 3.121 3.794 3.800 4.118 4.121 4.303 4.307 4.515 4.521 0.000 0.000 0.000 0.000 4.742 4.742 4.774 4.772 4.810 4.806 

11 0.297 3.052 3.050 3.780 3.781 4.118 4.119 4.304 4.307 4.519 4.516 0.000 0.000 0.000 0.000 4.746 4.743 4.778 4.780 4.814 4.814 

12 0.324 2.991 2.997 3.770 3.768 4.117 4.117 4.308 4.311 4.524 4.519 0.000 0.000 0.000 0.000 4.749 4.745 4.781 4.777 4.816 4.810 

13 0.351 2.945 2.945 3.764 3.764 4.124 4.119 4.310 4.311 4.530 4.525 0.000 0.000 0.000 0.000 4.748 4.751 4.777 4.789 4.811 4.822 

14 0.378 2.908 2.909 3.755 3.757 4.120 4.122 4.312 4.316 4.527 4.533 0.000 0.000 0.000 0.000 4.751 4.749 4.782 4.783 4.815 4.816 

15 0.405 2.877 2.878 3.754 3.753 4.121 4.121 4.310 4.316 4.525 4.526 0.000 0.000 0.000 0.000 4.746 4.748 4.782 4.783 4.814 4.815 

16 0.432 2.858 2.857 3.753 3.752 4.125 4.121 4.316 4.315 4.530 4.528 0.000 0.000 0.000 0.000 4.759 4.752 4.777 4.783 4.809 4.814 

17 0.459 2.843 2.841 3.750 3.751 4.120 4.120 4.316 4.316 4.530 4.529 0.000 0.000 0.000 0.000 4.746 4.756 4.777 4.789 4.809 4.820 

18 0.486 2.834 2.836 3.749 3.751 4.127 4.121 4.321 4.316 4.528 4.534 0.000 0.000 0.000 0.000 4.754 4.755 4.782 4.786 4.812 4.816 

19 0.514 2.836 2.834 3.751 3.749 4.121 4.127 4.316 4.321 4.534 4.528 0.000 0.000 0.000 0.000 4.755 4.754 4.786 4.782 4.816 4.812 

20 0.541 2.841 2.843 3.751 3.750 4.120 4.120 4.316 4.316 4.529 4.530 0.000 0.000 0.000 0.000 4.756 4.746 4.789 4.777 4.820 4.809 

21 0.568 2.857 2.858 3.752 3.753 4.121 4.125 4.315 4.316 4.528 4.530 0.000 0.000 0.000 0.000 4.752 4.759 4.783 4.777 4.814 4.809 

22 0.595 2.878 2.877 3.753 3.754 4.121 4.121 4.316 4.310 4.526 4.525 0.000 0.000 0.000 0.000 4.748 4.746 4.783 4.782 4.815 4.814 

23 0.622 2.909 2.908 3.757 3.755 4.122 4.120 4.316 4.312 4.533 4.527 0.000 0.000 0.000 0.000 4.749 4.751 4.783 4.782 4.816 4.815 

24 0.649 2.945 2.945 3.764 3.764 4.119 4.124 4.311 4.310 4.525 4.530 0.000 0.000 0.000 0.000 4.751 4.748 4.789 4.777 4.822 4.811 

25 0.676 2.997 2.991 3.768 3.770 4.117 4.117 4.311 4.308 4.519 4.524 0.000 0.000 0.000 0.000 4.745 4.749 4.777 4.781 4.810 4.816 

26 0.703 3.050 3.052 3.781 3.780 4.119 4.118 4.307 4.304 4.516 4.519 0.000 0.000 0.000 0.000 4.743 4.746 4.780 4.778 4.814 4.814 

27 0.730 3.121 3.122 3.800 3.794 4.121 4.118 4.307 4.303 4.521 4.515 0.000 0.000 0.000 0.000 4.742 4.742 4.772 4.774 4.806 4.810 

28 0.757 3.209 3.208 3.816 3.816 4.130 4.121 4.304 4.299 4.510 4.512 0.000 0.000 0.000 0.000 4.745 4.739 4.777 4.771 4.811 4.806 

29 0.784 3.317 3.311 3.853 3.854 4.135 4.130 4.307 4.305 4.508 4.513 0.000 0.000 0.000 0.000 4.739 4.735 4.768 4.767 4.801 4.801 

30 0.811 3.440 3.441 3.900 3.897 4.149 4.140 4.306 4.302 4.506 4.500 0.000 0.000 0.000 0.000 4.727 4.725 4.763 4.756 4.794 4.788 

31 0.838 3.600 3.594 3.971 3.964 4.180 4.169 4.315 0.000 4.499 4.499 0.000 0.000 0.000 0.000 4.733 4.724 4.765 4.755 4.795 4.785 

32 0.865 3.793 3.791 4.073 4.067 4.227 4.217 4.334 4.328 4.501 4.490 0.000 0.000 0.000 0.000 4.713 4.718 4.747 4.748 4.772 4.776 

33 0.892 4.052 4.047 4.240 4.228 4.317 4.302 4.386 4.378 4.509 4.509 0.000 0.000 0.000 0.000 4.695 0.000 4.737 0.000 4.760 0.000 

34 0.919 4.401 4.394 4.505 4.489 4.499 4.477 4.502 4.480 4.553 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

35 0.946 4.933 4.914 4.964 4.932 0.000 4.834 4.792 4.760 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

36 0.973 5.913 5.883 5.913 5.844 5.722 5.618 5.622 5.558 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

37 1.000 7.073 7.153 7.146 7.065 6.874 6.748 6.679 6.585 6.538 6.432 0.000 0.000 0.000 0.000 7.985 7.753 8.007 7.708 8.057 7.694 
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Table 30. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 0.50 mm 

Aspect Ratio 1 2 3 4 7 8 9 10 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.169 7.091 7.095 7.180 6.778 6.903 6.621 6.717 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

1 0.027 5.898 5.930 5.870 5.941 5.644 5.747 5.590 5.655 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

2 0.054 4.929 4.950 4.957 4.990 4.858 0.000 4.789 4.822 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

3 0.081 4.411 4.418 4.513 4.530 4.501 4.523 4.509 4.532 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.108 4.064 4.070 4.252 4.266 4.327 4.342 4.408 4.417 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

5 0.135 3.809 3.812 4.092 4.100 4.243 4.253 4.360 4.366 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

6 0.162 3.614 3.620 3.990 3.998 4.196 4.207 0.000 4.349 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

7 0.189 3.461 3.460 3.924 3.929 4.169 4.178 4.338 4.341 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

8 0.216 3.332 3.338 3.883 3.882 4.161 4.165 4.342 4.344 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

9 0.243 3.230 3.231 3.846 3.846 4.153 4.162 4.338 4.342 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

10 0.270 3.144 3.144 3.825 3.831 4.151 4.154 4.343 4.347 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

11 0.297 3.075 3.073 3.812 3.813 4.152 4.153 4.345 4.348 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

12 0.324 3.014 3.021 3.803 3.801 4.152 4.153 4.350 4.353 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

13 0.351 2.969 2.969 3.797 3.797 4.161 4.156 4.353 4.354 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

14 0.378 2.932 2.934 3.789 3.792 4.157 4.159 4.356 4.359 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

15 0.405 2.902 2.902 3.788 3.788 4.159 4.159 4.355 4.361 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

16 0.432 2.883 2.882 3.788 3.787 4.164 4.159 4.361 4.360 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

17 0.459 2.868 2.866 3.785 3.787 4.159 4.159 4.362 4.362 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

18 0.486 2.859 2.861 3.785 3.786 4.166 4.160 4.367 4.361 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

19 0.514 2.861 2.859 3.786 3.785 4.160 4.166 4.361 4.367 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

20 0.541 2.866 2.868 3.787 3.785 4.159 4.159 4.362 4.362 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

21 0.568 2.882 2.883 3.787 3.788 4.159 4.164 4.360 4.361 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

22 0.595 2.902 2.902 3.788 3.788 4.159 4.159 4.361 4.355 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

23 0.622 2.934 2.932 3.792 3.789 4.159 4.157 4.359 4.356 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

24 0.649 2.969 2.969 3.797 3.797 4.156 4.161 4.354 4.353 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

25 0.676 3.021 3.014 3.801 3.803 4.153 4.152 4.353 4.350 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

26 0.703 3.073 3.075 3.813 3.812 4.153 4.152 4.348 4.345 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

27 0.730 3.144 3.144 3.831 3.825 4.154 4.151 4.347 4.343 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

28 0.757 3.231 3.230 3.846 3.846 4.162 4.153 4.342 4.338 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

29 0.784 3.338 3.332 3.882 3.883 4.165 4.161 4.344 4.342 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

30 0.811 3.460 3.461 3.929 3.924 4.178 4.169 4.341 4.338 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

31 0.838 3.620 3.614 3.998 3.990 4.207 4.196 4.349 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

32 0.865 3.812 3.809 4.100 4.092 4.253 4.243 4.366 4.360 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

33 0.892 4.070 4.064 4.266 4.252 4.342 4.327 4.417 4.408 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

34 0.919 4.418 4.411 4.530 4.513 4.523 4.501 4.532 4.509 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

35 0.946 4.950 4.929 4.990 4.957 0.000 4.858 4.822 4.789 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

36 0.973 5.930 5.898 5.941 5.870 5.747 5.644 5.655 5.590 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

37 1.000 7.091 7.169 7.180 7.095 6.903 6.778 6.717 6.621 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 31. Raw extraction results for K1  (MPa √m) about an elliptical crack of depth 1.00 mm 

Aspect Ratio 1 2 3 4 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Normal Mirror Normal Mirror Normal Mirror 

0 0.000 7.224 7.143 7.176 7.259 6.887 7.012 6.775 6.871 

1 0.027 5.948 5.979 5.941 6.011 5.738 5.840 5.720 5.785 

2 0.054 4.978 4.997 5.022 5.055 4.943 0.000 4.904 4.937 

3 0.081 4.461 4.467 4.578 4.594 4.584 4.605 4.623 4.645 

4 0.108 4.116 4.121 4.319 4.331 4.411 4.426 4.524 4.533 

5 0.135 3.863 3.865 4.160 4.167 4.330 4.339 4.480 4.485 

6 0.162 3.669 3.674 4.062 4.068 4.287 4.297 0.000 4.472 

7 0.189 3.519 3.517 3.998 4.002 4.264 4.271 4.465 4.468 

8 0.216 3.391 3.397 3.960 3.959 4.259 4.262 4.473 4.475 

9 0.243 3.290 3.291 3.926 3.925 4.254 4.263 4.471 4.476 

10 0.270 3.206 3.205 3.908 3.913 4.255 4.258 4.479 4.483 

11 0.297 3.138 3.136 3.897 3.898 4.259 4.260 4.484 4.487 

12 0.324 3.079 3.085 3.891 3.888 4.262 4.262 4.490 4.493 

13 0.351 3.035 3.034 3.887 3.887 4.273 4.267 4.495 4.496 

14 0.378 2.998 3.000 3.881 3.883 4.271 4.273 4.499 4.502 

15 0.405 2.969 2.970 3.882 3.881 4.274 4.274 4.498 4.504 

16 0.432 2.951 2.949 3.882 3.881 4.280 4.275 4.505 4.504 

17 0.459 2.936 2.934 3.880 3.882 4.276 4.276 4.506 4.506 

18 0.486 2.927 2.930 3.880 3.882 4.283 4.277 4.512 4.506 

19 0.514 2.930 2.927 3.882 3.880 4.277 4.283 4.506 4.512 

20 0.541 2.934 2.936 3.882 3.880 4.276 4.276 4.506 4.506 

21 0.568 2.949 2.951 3.881 3.882 4.275 4.280 4.504 4.505 

22 0.595 2.970 2.969 3.881 3.882 4.274 4.274 4.504 4.498 

23 0.622 3.000 2.998 3.883 3.881 4.273 4.271 4.502 4.499 

24 0.649 3.034 3.035 3.887 3.887 4.267 4.273 4.496 4.495 

25 0.676 3.085 3.079 3.888 3.891 4.262 4.262 4.493 4.490 

26 0.703 3.136 3.138 3.898 3.897 4.260 4.259 4.487 4.484 

27 0.730 3.205 3.206 3.913 3.908 4.258 4.255 4.483 4.479 

28 0.757 3.291 3.290 3.925 3.926 4.263 4.254 4.476 4.471 

29 0.784 3.397 3.391 3.959 3.960 4.262 4.259 4.475 4.473 

30 0.811 3.517 3.519 4.002 3.998 4.271 4.264 4.468 4.465 

31 0.838 3.674 3.669 4.068 4.062 4.297 4.287 4.472 0.000 

32 0.865 3.865 3.863 4.167 4.160 4.339 4.330 4.485 4.480 

33 0.892 4.121 4.116 4.331 4.319 4.426 4.411 4.533 4.524 

34 0.919 4.467 4.461 4.594 4.578 4.605 4.584 4.645 4.623 

35 0.946 4.997 4.978 5.055 5.022 0.000 4.943 4.937 4.904 

36 0.973 5.979 5.948 6.011 5.941 5.840 5.738 5.785 5.720 

37 1.000 7.143 7.224 7.259 7.176 7.012 6.887 6.871 6.775 

 
 

UNCLASSIFIED 
80 



UNCLASSIFIED 
DSTO-TR-2628 

 
Table 32. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 0.08 mm 

Aspect Ratio 1 2 3 4 13.75 23.5 33.25 43 52.75 62.5 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average Average Average Average Average Average Average 

0 0.000 7.079 7.070 6.771 6.593 6.698 6.837 #N/A #N/A #N/A #N/A 

1 0.027 5.868 5.848 5.636 5.557 #N/A #N/A #N/A #N/A #N/A #N/A 

2 0.054 4.896 4.921 4.802 4.746 #N/A #N/A #N/A #N/A #N/A #N/A 

3 0.081 4.371 4.470 4.458 4.462 #N/A #N/A #N/A #N/A #N/A #N/A 

4 0.108 4.023 4.207 4.279 4.352 4.655 4.747 #N/A #N/A #N/A #N/A 

5 0.135 3.765 4.042 4.191 4.300 4.672 4.760 #N/A #N/A #N/A #N/A 

6 0.162 3.570 3.938 4.142 4.281 4.683 4.760 #N/A #N/A #N/A #N/A 

7 0.189 3.412 3.868 4.111 4.270 4.679 4.765 #N/A #N/A #N/A #N/A 

8 0.216 3.286 3.823 4.098 4.271 4.688 4.774 #N/A #N/A #N/A #N/A 

9 0.243 3.179 3.784 4.089 4.265 4.691 4.769 #N/A #N/A #N/A #N/A 

10 0.270 3.092 3.763 4.082 4.267 4.691 4.769 #N/A #N/A #N/A #N/A 

11 0.297 3.021 3.746 4.081 4.267 4.693 4.774 #N/A #N/A #N/A #N/A 

12 0.324 2.964 3.734 4.077 4.269 4.694 4.776 #N/A #N/A #N/A #N/A 

13 0.351 2.914 3.728 4.081 4.270 4.696 4.772 #N/A #N/A #N/A #N/A 

14 0.378 2.878 3.719 4.080 4.272 4.697 4.782 #N/A #N/A #N/A #N/A 

15 0.405 2.846 3.716 4.079 4.271 4.694 4.778 #N/A #N/A #N/A #N/A 

16 0.432 2.826 3.714 4.081 4.272 4.703 4.774 #N/A #N/A #N/A #N/A 

17 0.459 2.811 3.712 4.078 4.273 4.698 4.780 #N/A #N/A #N/A #N/A 

18 0.486 2.803 3.711 4.081 4.275 4.702 4.779 #N/A #N/A #N/A #N/A 

19 0.514 2.803 3.711 4.081 4.275 4.702 4.779 #N/A #N/A #N/A #N/A 

20 0.541 2.811 3.712 4.078 4.273 4.698 4.780 #N/A #N/A #N/A #N/A 

21 0.568 2.826 3.714 4.081 4.272 4.703 4.774 #N/A #N/A #N/A #N/A 

22 0.595 2.846 3.716 4.079 4.271 4.694 4.778 #N/A #N/A #N/A #N/A 

23 0.622 2.878 3.719 4.080 4.272 4.697 4.782 #N/A #N/A #N/A #N/A 

24 0.649 2.914 3.728 4.081 4.270 4.696 4.772 #N/A #N/A #N/A #N/A 

25 0.676 2.964 3.734 4.077 4.269 4.694 4.776 #N/A #N/A #N/A #N/A 

26 0.703 3.021 3.746 4.081 4.267 4.693 4.774 #N/A #N/A #N/A #N/A 

27 0.730 3.092 3.763 4.082 4.267 4.691 4.769 #N/A #N/A #N/A #N/A 

28 0.757 3.179 3.784 4.089 4.265 4.691 4.769 #N/A #N/A #N/A #N/A 

29 0.784 3.286 3.823 4.098 4.271 4.688 4.774 #N/A #N/A #N/A #N/A 

30 0.811 3.412 3.868 4.111 4.270 4.679 4.765 #N/A #N/A #N/A #N/A 

31 0.838 3.570 3.938 4.142 4.281 4.683 4.760 #N/A #N/A #N/A #N/A 

32 0.865 3.765 4.042 4.191 4.300 4.672 4.760 #N/A #N/A #N/A #N/A 

33 0.892 4.023 4.207 4.279 4.352 4.655 4.747 #N/A #N/A #N/A #N/A 

34 0.919 4.371 4.470 4.458 4.462 #N/A #N/A #N/A #N/A #N/A #N/A 

35 0.946 4.896 4.921 4.802 4.746 #N/A #N/A #N/A #N/A #N/A #N/A 

36 0.973 5.868 5.848 5.636 5.557 #N/A #N/A #N/A #N/A #N/A #N/A 

37 1.000 7.079 7.070 6.771 6.593 6.698 6.837 #N/A #N/A #N/A #N/A 
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Table 33. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 0.10 mm 

Aspect Ratio 1 2 3 4 11.67 19.33 27 34.67 42.33 50 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average Average Average Average Average Average Average 

0 0.000 7.083 7.077 6.776 6.591 #N/A 7.491 7.232 #N/A #N/A #N/A 

1 0.027 5.872 5.854 5.640 5.555 #N/A #N/A #N/A #N/A #N/A #N/A 

2 0.054 4.899 4.925 4.809 4.745 #N/A #N/A #N/A #N/A #N/A #N/A 

3 0.081 4.374 4.474 4.461 4.461 #N/A #N/A #N/A #N/A #N/A #N/A 

4 0.108 4.026 4.211 4.282 4.351 #N/A 4.726 4.765 #N/A #N/A #N/A 

5 0.135 3.768 4.046 4.193 4.299 #N/A 4.741 4.782 #N/A #N/A #N/A 

6 0.162 3.573 3.942 4.145 4.281 #N/A 4.742 4.782 #N/A #N/A #N/A 

7 0.189 3.416 3.872 4.114 4.270 #N/A 4.747 4.787 #N/A #N/A #N/A 

8 0.216 3.289 3.826 4.101 4.271 #N/A 4.756 4.796 #N/A #N/A #N/A 

9 0.243 3.183 3.787 4.092 4.265 #N/A 4.752 4.791 #N/A #N/A #N/A 

10 0.270 3.095 3.767 4.085 4.267 #N/A 4.752 4.791 #N/A #N/A #N/A 

11 0.297 3.024 3.750 4.083 4.267 #N/A 4.757 4.796 #N/A #N/A #N/A 

12 0.324 2.967 3.738 4.080 4.269 #N/A 4.759 4.798 #N/A #N/A #N/A 

13 0.351 2.918 3.731 4.084 4.270 #N/A 4.755 4.794 #N/A #N/A #N/A 

14 0.378 2.881 3.723 4.083 4.273 #N/A 4.764 4.802 #N/A #N/A #N/A 

15 0.405 2.850 3.720 4.082 4.271 #N/A 4.761 4.799 #N/A #N/A #N/A 

16 0.432 2.830 3.718 4.084 4.273 #N/A 4.757 4.796 #N/A #N/A #N/A 

17 0.459 2.814 3.716 4.081 4.274 #N/A 4.763 4.801 #N/A #N/A #N/A 

18 0.486 2.807 3.715 4.084 4.276 #N/A 4.762 4.800 #N/A #N/A #N/A 

19 0.514 2.807 3.715 4.084 4.276 #N/A 4.762 4.800 #N/A #N/A #N/A 

20 0.541 2.814 3.716 4.081 4.274 #N/A 4.763 4.801 #N/A #N/A #N/A 

21 0.568 2.830 3.718 4.084 4.273 #N/A 4.757 4.796 #N/A #N/A #N/A 

22 0.595 2.850 3.720 4.082 4.271 #N/A 4.761 4.799 #N/A #N/A #N/A 

23 0.622 2.881 3.723 4.083 4.273 #N/A 4.764 4.802 #N/A #N/A #N/A 

24 0.649 2.918 3.731 4.084 4.270 #N/A 4.755 4.794 #N/A #N/A #N/A 

25 0.676 2.967 3.738 4.080 4.269 #N/A 4.759 4.798 #N/A #N/A #N/A 

26 0.703 3.024 3.750 4.083 4.267 #N/A 4.757 4.796 #N/A #N/A #N/A 

27 0.730 3.095 3.767 4.085 4.267 #N/A 4.752 4.791 #N/A #N/A #N/A 

28 0.757 3.183 3.787 4.092 4.265 #N/A 4.752 4.791 #N/A #N/A #N/A 

29 0.784 3.289 3.826 4.101 4.271 #N/A 4.756 4.796 #N/A #N/A #N/A 

30 0.811 3.416 3.872 4.114 4.270 #N/A 4.747 4.787 #N/A #N/A #N/A 

31 0.838 3.573 3.942 4.145 4.281 #N/A 4.742 4.782 #N/A #N/A #N/A 

32 0.865 3.768 4.046 4.193 4.299 #N/A 4.741 4.782 #N/A #N/A #N/A 

33 0.892 4.026 4.211 4.282 4.351 #N/A 4.726 4.765 #N/A #N/A #N/A 

34 0.919 4.374 4.474 4.461 4.461 #N/A #N/A #N/A #N/A #N/A #N/A 

35 0.946 4.899 4.925 4.809 4.745 #N/A #N/A #N/A #N/A #N/A #N/A 

36 0.973 5.872 5.854 5.640 5.555 #N/A #N/A #N/A #N/A #N/A #N/A 

37 1.000 7.083 7.077 6.776 6.591 #N/A 7.491 7.232 #N/A #N/A #N/A 
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Table 34. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 0.20 mm 

Aspect Ratio 1 2 3 4 7.5 11 14.5 18 21 25 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average Average Average Average Average Average Average 

0 0.000 7.095 7.096 6.794 6.612 #N/A #N/A 7.774 7.798 #N/A 7.918 

1 0.027 5.882 5.870 5.655 5.573 #N/A #N/A #N/A #N/A #N/A #N/A 

2 0.054 4.909 4.940 4.821 4.761 #N/A #N/A #N/A #N/A #N/A #N/A 

3 0.081 4.384 4.488 4.474 4.477 #N/A #N/A #N/A #N/A #N/A #N/A 

4 0.108 4.036 4.225 4.296 4.367 #N/A #N/A 4.706 4.755 #N/A 4.778 

5 0.135 3.779 4.060 4.207 4.316 #N/A #N/A 4.717 4.756 #N/A 4.798 

6 0.162 3.584 3.957 4.159 4.302 #N/A #N/A 4.728 4.771 #N/A 4.805 

7 0.189 3.427 3.887 4.129 4.287 #N/A #N/A 4.725 4.770 #N/A 4.816 

8 0.216 3.300 3.842 4.116 4.289 #N/A #N/A 4.732 4.779 #N/A 4.829 

9 0.243 3.194 3.803 4.108 4.284 #N/A #N/A 4.737 4.782 #N/A 4.827 

10 0.270 3.107 3.784 4.102 4.286 #N/A #N/A 4.735 4.777 #N/A 4.829 

11 0.297 3.036 3.767 4.100 4.287 #N/A #N/A 4.741 4.784 #N/A 4.834 

12 0.324 2.980 3.755 4.098 4.290 #N/A #N/A 4.741 4.783 #N/A 4.837 

13 0.351 2.930 3.749 4.103 4.291 #N/A #N/A 4.745 4.788 #N/A 4.832 

14 0.378 2.894 3.741 4.101 4.294 #N/A #N/A 4.745 4.788 #N/A 4.839 

15 0.405 2.863 3.738 4.101 4.292 #N/A #N/A 4.746 4.788 #N/A 4.835 

16 0.432 2.843 3.737 4.103 4.294 #N/A #N/A 4.743 4.785 #N/A 4.831 

17 0.459 2.827 3.735 4.100 4.295 #N/A #N/A 4.747 4.789 #N/A 4.835 

18 0.486 2.820 3.734 4.104 4.297 #N/A #N/A 4.748 4.789 #N/A 4.834 

19 0.514 2.820 3.734 4.104 4.297 #N/A #N/A 4.748 4.789 #N/A 4.834 

20 0.541 2.827 3.735 4.100 4.295 #N/A #N/A 4.747 4.789 #N/A 4.835 

21 0.568 2.843 3.737 4.103 4.294 #N/A #N/A 4.743 4.785 #N/A 4.831 

22 0.595 2.863 3.738 4.101 4.292 #N/A #N/A 4.746 4.788 #N/A 4.835 

23 0.622 2.894 3.741 4.101 4.294 #N/A #N/A 4.745 4.788 #N/A 4.839 

24 0.649 2.930 3.749 4.103 4.291 #N/A #N/A 4.745 4.788 #N/A 4.832 

25 0.676 2.980 3.755 4.098 4.290 #N/A #N/A 4.741 4.783 #N/A 4.837 

26 0.703 3.036 3.767 4.100 4.287 #N/A #N/A 4.741 4.784 #N/A 4.834 

27 0.730 3.107 3.784 4.102 4.286 #N/A #N/A 4.735 4.777 #N/A 4.829 

28 0.757 3.194 3.803 4.108 4.284 #N/A #N/A 4.737 4.782 #N/A 4.827 

29 0.784 3.300 3.842 4.116 4.289 #N/A #N/A 4.732 4.779 #N/A 4.829 

30 0.811 3.427 3.887 4.129 4.287 #N/A #N/A 4.725 4.770 #N/A 4.816 

31 0.838 3.584 3.957 4.159 4.302 #N/A #N/A 4.728 4.771 #N/A 4.805 

32 0.865 3.779 4.060 4.207 4.316 #N/A #N/A 4.717 4.756 #N/A 4.798 

33 0.892 4.036 4.225 4.296 4.367 #N/A #N/A 4.706 4.755 #N/A 4.778 

34 0.919 4.384 4.488 4.474 4.477 #N/A #N/A #N/A #N/A #N/A #N/A 

35 0.946 4.909 4.940 4.821 4.761 #N/A #N/A #N/A #N/A #N/A #N/A 

36 0.973 5.882 5.870 5.655 5.573 #N/A #N/A #N/A #N/A #N/A #N/A 

37 1.000 7.095 7.096 6.794 6.612 #N/A #N/A 7.774 7.798 #N/A 7.918 
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Table 35. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 0.30 mm 

Aspect Ratio 1 2 3 4 6.111 8.22 10.33 12.44 14.56 16.67 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average Average Average Average Average Average Average 

0 0.000 7.113 7.106 6.811 6.632 6.485 #N/A #N/A 7.869 7.857 7.875 

1 0.027 5.898 5.878 5.670 5.590 #N/A #N/A #N/A #N/A #N/A #N/A 

2 0.054 4.923 4.948 4.834 4.776 #N/A #N/A #N/A #N/A #N/A #N/A 

3 0.081 4.398 4.497 4.488 4.491 4.553 #N/A #N/A #N/A #N/A #N/A 

4 0.108 4.050 4.234 4.310 4.382 4.509 #N/A #N/A 4.695 4.737 4.760 

5 0.135 3.792 4.070 4.222 4.331 4.496 #N/A #N/A 4.715 4.747 4.774 

6 0.162 3.597 3.967 4.174 4.315 4.499 #N/A #N/A 4.729 4.760 4.790 

7 0.189 3.440 3.898 4.145 4.304 4.503 #N/A #N/A 4.726 4.760 4.791 

8 0.216 3.314 3.854 4.132 4.306 4.511 #N/A #N/A 4.737 4.768 4.801 

9 0.243 3.208 3.816 4.125 4.302 4.511 #N/A #N/A 4.742 4.774 4.808 

10 0.270 3.121 3.797 4.119 4.305 4.518 #N/A #N/A 4.742 4.773 4.808 

11 0.297 3.051 3.780 4.118 4.306 4.518 #N/A #N/A 4.745 4.779 4.814 

12 0.324 2.994 3.769 4.117 4.309 4.521 #N/A #N/A 4.747 4.779 4.813 

13 0.351 2.945 3.764 4.122 4.311 4.527 #N/A #N/A 4.749 4.783 4.816 

14 0.378 2.908 3.756 4.121 4.314 4.530 #N/A #N/A 4.750 4.783 4.816 

15 0.405 2.877 3.753 4.121 4.313 4.525 #N/A #N/A 4.747 4.783 4.815 

16 0.432 2.858 3.752 4.123 4.315 4.529 #N/A #N/A 4.756 4.780 4.812 

17 0.459 2.842 3.750 4.120 4.316 4.530 #N/A #N/A 4.751 4.783 4.815 

18 0.486 2.835 3.750 4.124 4.319 4.531 #N/A #N/A 4.755 4.784 4.814 

19 0.514 2.835 3.750 4.124 4.319 4.531 #N/A #N/A 4.755 4.784 4.814 

20 0.541 2.842 3.750 4.120 4.316 4.530 #N/A #N/A 4.751 4.783 4.815 

21 0.568 2.858 3.752 4.123 4.315 4.529 #N/A #N/A 4.756 4.780 4.812 

22 0.595 2.877 3.753 4.121 4.313 4.525 #N/A #N/A 4.747 4.783 4.815 

23 0.622 2.908 3.756 4.121 4.314 4.530 #N/A #N/A 4.750 4.783 4.816 

24 0.649 2.945 3.764 4.122 4.311 4.527 #N/A #N/A 4.749 4.783 4.816 

25 0.676 2.994 3.769 4.117 4.309 4.521 #N/A #N/A 4.747 4.779 4.813 

26 0.703 3.051 3.780 4.118 4.306 4.518 #N/A #N/A 4.745 4.779 4.814 

27 0.730 3.121 3.797 4.119 4.305 4.518 #N/A #N/A 4.742 4.773 4.808 

28 0.757 3.208 3.816 4.125 4.302 4.511 #N/A #N/A 4.742 4.774 4.808 

29 0.784 3.314 3.854 4.132 4.306 4.511 #N/A #N/A 4.737 4.768 4.801 

30 0.811 3.440 3.898 4.145 4.304 4.503 #N/A #N/A 4.726 4.760 4.791 

31 0.838 3.597 3.967 4.174 4.315 4.499 #N/A #N/A 4.729 4.760 4.790 

32 0.865 3.792 4.070 4.222 4.331 4.496 #N/A #N/A 4.715 4.747 4.774 

33 0.892 4.050 4.234 4.310 4.382 4.509 #N/A #N/A 4.695 4.737 4.760 

34 0.919 4.398 4.497 4.488 4.491 4.553 #N/A #N/A #N/A #N/A #N/A 

35 0.946 4.923 4.948 4.834 4.776 #N/A #N/A #N/A #N/A #N/A #N/A 

36 0.973 5.898 5.878 5.670 5.590 #N/A #N/A #N/A #N/A #N/A #N/A 

37 1.000 7.113 7.106 6.811 6.632 6.485 #N/A #N/A 7.869 7.857 7.875 
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Table 36. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 0.50 mm 

Aspect Ratio 1 2 3 4 7 8 9 10 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average Average Average Average Average 

0 0.000 7.130 7.138 6.841 6.669 #N/A #N/A #N/A #N/A 

1 0.027 5.914 5.906 5.696 5.622 #N/A #N/A #N/A #N/A 

2 0.054 4.939 4.973 4.858 4.805 #N/A #N/A #N/A #N/A 

3 0.081 4.415 4.522 4.512 4.521 #N/A #N/A #N/A #N/A 

4 0.108 4.067 4.259 4.335 4.413 #N/A #N/A #N/A #N/A 

5 0.135 3.811 4.096 4.248 4.363 #N/A #N/A #N/A #N/A 

6 0.162 3.617 3.994 4.202 4.349 #N/A #N/A #N/A #N/A 

7 0.189 3.461 3.926 4.174 4.339 #N/A #N/A #N/A #N/A 

8 0.216 3.335 3.883 4.163 4.343 #N/A #N/A #N/A #N/A 

9 0.243 3.230 3.846 4.157 4.340 #N/A #N/A #N/A #N/A 

10 0.270 3.144 3.828 4.153 4.345 #N/A #N/A #N/A #N/A 

11 0.297 3.074 3.812 4.153 4.347 #N/A #N/A #N/A #N/A 

12 0.324 3.018 3.802 4.152 4.351 #N/A #N/A #N/A #N/A 

13 0.351 2.969 3.797 4.158 4.354 #N/A #N/A #N/A #N/A 

14 0.378 2.933 3.791 4.158 4.358 #N/A #N/A #N/A #N/A 

15 0.405 2.902 3.788 4.159 4.358 #N/A #N/A #N/A #N/A 

16 0.432 2.883 3.787 4.162 4.360 #N/A #N/A #N/A #N/A 

17 0.459 2.867 3.786 4.159 4.362 #N/A #N/A #N/A #N/A 

18 0.486 2.860 3.786 4.163 4.364 #N/A #N/A #N/A #N/A 

19 0.514 2.860 3.786 4.163 4.364 #N/A #N/A #N/A #N/A 

20 0.541 2.867 3.786 4.159 4.362 #N/A #N/A #N/A #N/A 

21 0.568 2.883 3.787 4.162 4.360 #N/A #N/A #N/A #N/A 

22 0.595 2.902 3.788 4.159 4.358 #N/A #N/A #N/A #N/A 

23 0.622 2.933 3.791 4.158 4.358 #N/A #N/A #N/A #N/A 

24 0.649 2.969 3.797 4.158 4.354 #N/A #N/A #N/A #N/A 

25 0.676 3.018 3.802 4.152 4.351 #N/A #N/A #N/A #N/A 

26 0.703 3.074 3.812 4.153 4.347 #N/A #N/A #N/A #N/A 

27 0.730 3.144 3.828 4.153 4.345 #N/A #N/A #N/A #N/A 

28 0.757 3.230 3.846 4.157 4.340 #N/A #N/A #N/A #N/A 

29 0.784 3.335 3.883 4.163 4.343 #N/A #N/A #N/A #N/A 

30 0.811 3.461 3.926 4.174 4.339 #N/A #N/A #N/A #N/A 

31 0.838 3.617 3.994 4.202 4.349 #N/A #N/A #N/A #N/A 

32 0.865 3.811 4.096 4.248 4.363 #N/A #N/A #N/A #N/A 

33 0.892 4.067 4.259 4.335 4.413 #N/A #N/A #N/A #N/A 

34 0.919 4.415 4.522 4.512 4.521 #N/A #N/A #N/A #N/A 

35 0.946 4.939 4.973 4.858 4.805 #N/A #N/A #N/A #N/A 

36 0.973 5.914 5.906 5.696 5.622 #N/A #N/A #N/A #N/A 

37 1.000 7.130 7.138 6.841 6.669 #N/A #N/A #N/A #N/A 
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Table 37. Processed extraction results for K1  (MPa √m) about an elliptical crack of depth 1.00 mm 

Aspect Ratio 1 2 3 4 

Extraction 
Number 

Normalised 
Location 

Average Average Average Average 

0 0.000 7.184 7.217 6.949 6.823 

1 0.027 5.964 5.976 5.789 5.752 

2 0.054 4.988 5.039 4.943 4.920 

3 0.081 4.464 4.586 4.594 4.634 

4 0.108 4.119 4.325 4.419 4.528 

5 0.135 3.864 4.164 4.335 4.482 

6 0.162 3.672 4.065 4.292 4.472 

7 0.189 3.518 4.000 4.267 4.466 

8 0.216 3.394 3.959 4.261 4.474 

9 0.243 3.291 3.926 4.258 4.474 

10 0.270 3.206 3.911 4.257 4.481 

11 0.297 3.137 3.898 4.260 4.485 

12 0.324 3.082 3.890 4.262 4.492 

13 0.351 3.034 3.887 4.270 4.496 

14 0.378 2.999 3.882 4.272 4.501 

15 0.405 2.969 3.881 4.274 4.501 

16 0.432 2.950 3.882 4.278 4.505 

17 0.459 2.935 3.881 4.276 4.506 

18 0.486 2.928 3.881 4.280 4.509 

19 0.514 2.928 3.881 4.280 4.509 

20 0.541 2.935 3.881 4.276 4.506 

21 0.568 2.950 3.882 4.278 4.505 

22 0.595 2.969 3.881 4.274 4.501 

23 0.622 2.999 3.882 4.272 4.501 

24 0.649 3.034 3.887 4.270 4.496 

25 0.676 3.082 3.890 4.262 4.492 

26 0.703 3.137 3.898 4.260 4.485 

27 0.730 3.206 3.911 4.257 4.481 

28 0.757 3.291 3.926 4.258 4.474 

29 0.784 3.394 3.959 4.261 4.474 

30 0.811 3.518 4.000 4.267 4.466 

31 0.838 3.672 4.065 4.292 4.472 

32 0.865 3.864 4.164 4.335 4.482 

33 0.892 4.119 4.325 4.419 4.528 

34 0.919 4.464 4.586 4.594 4.634 

35 0.946 4.988 5.039 4.943 4.920 

36 0.973 5.964 5.976 5.789 5.752 

37 1.000 7.184 7.217 6.949 6.823 
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Appendix F  Results for Through Crack 

Table 38. Raw and processed extraction results for K1  (MPa √m) along a through crack of various depths 

Depth (mm) 0.08 0.1 0.2 0.3 0.5 1 

Extraction 
Number 

Normalised 
Location 

Normal Mirror Average Normal Mirror Average Normal Mirror Average Normal Mirror Average Normal Mirror Average Normal Mirror Average 

0 0.000 3.469 3.466 3.468 3.419 3.415 3.417 3.494 3.494 3.494 3.598 3.596 3.597 3.758 3.750 3.754 3.992 3.994 3.993 

1 0.027 4.568 4.570 4.569 4.570 4.574 4.572 4.597 4.602 4.599 4.621 4.622 4.621 4.665 4.658 4.662 4.747 4.747 4.747 

2 0.054 4.726 4.716 4.721 4.720 4.724 4.722 4.742 4.737 4.740 4.758 4.749 4.754 4.791 4.775 4.783 4.856 4.851 4.854 

3 0.081 4.783 4.782 4.782 4.781 4.791 4.786 4.799 4.803 4.801 4.811 4.812 4.812 4.840 4.834 4.837 4.900 4.901 4.901 

4 0.108 4.830 4.819 4.824 4.819 4.831 4.825 4.842 4.841 4.842 4.854 4.852 4.853 4.879 4.872 4.875 4.931 4.934 4.932 

5 0.135 4.846 4.843 4.844 4.845 4.849 4.847 4.861 4.860 4.860 4.872 4.869 4.870 4.894 4.887 4.891 4.944 4.945 4.944 

6 0.162 4.857 4.851 4.854 4.859 4.860 4.860 4.873 4.871 4.872 4.885 4.880 4.883 4.908 4.898 4.903 4.956 4.957 4.956 

7 0.189 4.876 4.867 4.872 4.873 4.872 4.873 4.887 4.883 4.885 4.898 4.892 4.895 4.921 4.909 4.915 4.969 4.965 4.967 

8 0.216 4.872 4.876 4.874 4.871 4.879 4.875 4.888 4.892 4.890 4.899 4.901 4.900 4.922 4.919 4.920 4.971 4.973 4.972 

9 0.243 4.875 4.870 4.872 4.873 4.882 4.878 4.889 4.893 4.891 4.900 4.903 4.901 4.922 4.922 4.922 4.971 4.978 4.974 

10 0.270 4.879 4.872 4.875 4.878 4.883 4.881 4.894 4.896 4.895 4.904 4.904 4.904 4.926 4.922 4.924 4.975 4.975 4.975 

11 0.297 4.885 4.878 4.881 4.885 4.881 4.883 4.895 4.892 4.894 4.906 4.901 4.904 4.928 4.921 4.924 4.977 4.976 4.977 

12 0.324 4.869 4.875 4.872 4.872 4.878 4.875 4.887 4.890 4.889 4.898 4.899 4.899 4.922 4.917 4.920 4.974 4.972 4.973 

13 0.351 4.877 4.865 4.871 4.877 4.874 4.876 4.892 4.887 4.889 4.903 4.896 4.900 4.925 4.916 4.921 4.978 4.972 4.975 

14 0.378 4.873 4.868 4.870 4.874 4.880 4.877 4.886 4.892 4.889 4.896 4.903 4.900 4.919 4.923 4.921 4.973 4.976 4.974 

15 0.405 4.878 4.871 4.875 4.877 4.876 4.876 4.890 4.893 4.892 4.900 4.903 4.902 4.921 4.923 4.922 4.972 4.977 4.975 

16 0.432 4.871 4.880 4.876 4.872 4.881 4.876 4.885 4.895 4.890 4.895 4.904 4.900 4.917 4.924 4.920 4.970 4.977 4.974 

17 0.459 4.872 4.870 4.871 4.873 4.874 4.874 4.887 4.887 4.887 4.897 4.897 4.897 4.917 4.917 4.917 4.970 4.969 4.970 

18 0.486 4.867 4.880 4.874 4.869 4.884 4.876 4.883 4.895 4.889 4.893 4.905 4.899 4.915 4.925 4.920 4.970 4.974 4.972 

19 0.514 4.880 4.867 4.874 4.884 4.869 4.876 4.895 4.883 4.889 4.905 4.893 4.899 4.925 4.915 4.920 4.974 4.970 4.972 

20 0.541 4.870 4.872 4.871 4.874 4.873 4.874 4.887 4.887 4.887 4.897 4.897 4.897 4.917 4.917 4.917 4.969 4.970 4.970 

21 0.568 4.880 4.871 4.876 4.881 4.872 4.876 4.895 4.885 4.890 4.904 4.895 4.900 4.924 4.917 4.920 4.977 4.970 4.974 

22 0.595 4.871 4.878 4.875 4.876 4.877 4.876 4.893 4.890 4.892 4.903 4.900 4.902 4.923 4.921 4.922 4.977 4.972 4.975 

23 0.622 4.868 4.873 4.870 4.880 4.874 4.877 4.892 4.886 4.889 4.903 4.896 4.900 4.923 4.919 4.921 4.976 4.973 4.974 

24 0.649 4.865 4.877 4.871 4.874 4.877 4.876 4.887 4.892 4.889 4.896 4.903 4.900 4.916 4.925 4.921 4.972 4.978 4.975 

25 0.676 4.875 4.869 4.872 4.878 4.872 4.875 4.890 4.887 4.889 4.899 4.898 4.899 4.917 4.922 4.920 4.972 4.974 4.973 

26 0.703 4.878 4.885 4.881 4.881 4.885 4.883 4.892 4.895 4.894 4.901 4.906 4.904 4.921 4.928 4.924 4.976 4.977 4.977 

27 0.730 4.872 4.879 4.875 4.883 4.878 4.881 4.896 4.894 4.895 4.904 4.904 4.904 4.922 4.926 4.924 4.975 4.975 4.975 

28 0.757 4.870 4.875 4.872 4.882 4.873 4.878 4.893 4.889 4.891 4.903 4.900 4.901 4.922 4.922 4.922 4.978 4.971 4.974 

29 0.784 4.876 4.872 4.874 4.879 4.871 4.875 4.892 4.888 4.890 4.901 4.899 4.900 4.919 4.922 4.920 4.973 4.971 4.972 

30 0.811 4.867 4.876 4.872 4.872 4.873 4.873 4.883 4.887 4.885 4.892 4.898 4.895 4.909 4.921 4.915 4.965 4.969 4.967 

31 0.838 4.851 4.857 4.854 4.860 4.859 4.860 4.871 4.873 4.872 4.880 4.885 4.883 4.898 4.908 4.903 4.957 4.956 4.956 

32 0.865 4.843 4.846 4.844 4.849 4.845 4.847 4.860 4.861 4.860 4.869 4.872 4.870 4.887 4.894 4.891 4.945 4.944 4.944 

33 0.892 4.819 4.830 4.824 4.831 4.819 4.825 4.841 4.842 4.842 4.852 4.854 4.853 4.872 4.879 4.875 4.934 4.931 4.932 

34 0.919 4.782 4.783 4.782 4.791 4.781 4.786 4.803 4.799 4.801 4.812 4.811 4.812 4.834 4.840 4.837 4.901 4.900 4.901 

35 0.946 4.716 4.726 4.721 4.724 4.720 4.722 4.737 4.742 4.740 4.749 4.758 4.754 4.775 4.791 4.783 4.851 4.856 4.854 

36 0.973 4.570 4.568 4.569 4.574 4.570 4.572 4.602 4.597 4.599 4.622 4.621 4.621 4.658 4.665 4.662 4.747 4.747 4.747 

37 1.000 3.466 3.469 3.468 3.415 3.419 3.417 3.494 3.494 3.494 3.596 3.598 3.597 3.750 3.758 3.754 3.994 3.992 3.993 
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